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Tropical forests are among the most diverse ecosystems in the world (Givnish
1999). On a broad scale, they are characterized by a high number of plant species,
where each species typically occurs in low densities (Janzen 1970), and where
species have non-random aggregated spatial distributions (Condit et al. 2000).
These spatial patterns have implications for the understanding of biodiversity and
the underlying determinants of community structure (Fortin & Dale 2005). A large
number of studies have looked these patterns at the early stages of plant recruit-
ment (Bagchi et al. 2010) because mortality rates are greater in these early stages
than in other life stages, disproportionally modifying species distribution and
abundance (Muller-Landau et al. 2004).
Processes regulating spatial patterns during plant recruitment
Plant recruitment consists of a series of stages that begin with seed production
from adult trees, which depends on the fecundity, spatial distribution of reproduc-
tive trees and pre-dispersal predator density and distribution (Nathan & Muller-
Landau, 2000). At the dispersal stage, in which the movement of seeds to avail-
able/suitable sites takes place, predation events may occur, reducing seed densities
upon arrival to a site (Paine & Beck 2007). Seed production, dispersal and preda-
tion all contribute to the overall process of seed limitation (Figure 1.1). Once seeds
reach a site, local conditions like abiotic factors (e.g. nutrients, moisture, soil
fertility, topography) and biotic interactions (e.g. competition, predation,
herbivory) will also limit seed germination and establishment. Such limitation due
to site conditions is known as establishment limitation (Muller-Landau 2002). Seed
limitation and establishment limitation regulate recruitment and significantly
shape the spatial patterns of species distribution (Figure 1.1, Muller-Landau et al.
2004). 
The spatial distribution of individuals during the following life stages (i.e. juve-
nile, adult) will be modified by demographic events (such as gap dynamics and
pests outbreaks) that will only reduce population density (Leithead et al. 2009,
Comita et al. 2007). 
Mechanisms controlling spatial patterns during recruitment
The mechanisms proposed to explain the spatial distribution of tree species are
divided into two extremes: deterministic and stochastic (Purves & Pacala 2005,
Hardy & Sonke 2004, Jenkins 2006, Gravel et al. 2006, Chase & Myers 2011).
The dominant “deterministic” explanation is niche theory, which argues that
species adaptation to specific conditions determines the structure and spatial
arrangement individuals in communities (Whittaker et al. 1975, Pulliam 2000,
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Hubbell 2001, Wright 2002). This may involve physiological adaptation to stress
factors, competition for resources, mutualistic associations with pollinators and
seed dispersers, and negative associations with seed predators and pathogens. The
dominant “stochastic” (or neutral) explanation is that dispersal limitation and
demographic stochasticity (e.g. rate of death, birth and immigration) determine the
spatial distribution of plant species and therefore, the structure of the community
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Figure 1.1. Factors that influence the spatial patterns among seeds/seedlings at the early life stages.
Empty arrows represent processes and bold arrows represent influencing factors of the process of
interest. Seed dispersion (B) is determined by the initial adult distribution and fecundity (A). Preda-
tion reduces the amount of seeds (seeds predated are represented by gray dots), and hence the
spatial pattern is modified (black dots represent viable seeds). This process depends on the behav-
iour and distribution of predators. Once seeds have reached their final location, establishment takes
place (C). At this stage,  there are two main mechanisms explaining distributions: niche differentia-
tion (C2), in which establishment patterns are determined by environmental conditions; and,
neutral theory, in which demography and site availability control spatial patterns of establishment
(C1). 
Deterministic processes
In nature, species show specific physiological and morphological traits (e.g.
nutrient requirements, nutrient uptake, leaf area, photosynthetic rate, among
others) that affect their performance (McGill et al. 2006). Each species occupies a
space with a set of conditions that allow them to establish and survive (Pulliam
2000). Species distribute along the resource gradients (i.e. temperature, soil chem-
istry, moisture) according to their requirements (Pulliam 2000). The ability of a
species to cope with environmental factors restricts its distribution to its potential
or fundamental niche. In addition, the distribution of species is modified by
ecological interactions with other species, such as by competitors, predators,
pathogens and mutualists, which restrict the species to its realized or ecological
niche.
There is ample evidence of species-specific variation in niches due to different
adaptations (Wright 2002, McGill et al. 2006). Microhabitat differences in resource
requirements and performance have been observed and measured in the tropics
(e.g. Hall et al. 2003, Huante et al. 1995, see Lathwell & Grove 1986 for a review).
Large-scale differences are also observed in the latitudinal gradients of species
composition and diversity (Givnish 1999). Based on this evidence, tree species are
expected to show a spatial distribution that matches their environmental require-
ments. Some studies have attempted to demonstrate this association (Bigelow &
Canham 2002, Clark et al. 1999, Costa et al. 2005, Lathwell & Grove 1986, Packer
& Clay 2000, Palmiotto et al. 2004, Potts et al. 2002). Although, a degree of associa-
tion has been found, it is not strong enough to entirely explain the spatial distribu-
tion of plant species (e.g. Cannon & Leighton 2004, Hardy & Sonke 2004, Svenning
2001).
Stochastic processes
Since 2001, when Hubbell (2001) advocated the neutral theory of biodiversity to
explain tropical forest tree diversity, the importance of stochastic processes has
been a subject of vigorous debate among community ecologists. The most debated
assumption in the theory is the concept of functional equivalence of species, which
contradicts niche theory and gives much less importance to species-specific traits
in structuring communities. In the concept of functional equivalence, the birth,
death and dispersal rates are assumed equal, although this equivalence may be
generated by different combinations of traits (Hubbell 2001, Alonso et al. 2006). It
emphasizes the importance of stochasticity, where the probability of a species to
fill an available site depends on the number of individuals in the population and
dispersal limitation, rather than the habitat characteristics and the species traits
(Hubbell 2001, Purves & Pacala, 2005). Dispersal limitation, part of recruitment
limitation consists of the failure of seeds to reach all potential recruitment sites
(Schupp et al. 2002). This process determines the area of recruitment, where
germination limitation and establishment limitation will ultimately determine the
Chapter 1
10
spatial distribution of recruits (Nathan & Muller-Landau 2000, Alonso et al. 2006).
The model of Hubbell (2001) can be viewed as a null-model that predicts which
diversity patterns are expected without the need to involve functional differentia-
tion among species (Rosindell et al. 2011)
Several studies have attempted to include stochastic processes by adding
dispersal limitation to the environmental parameters that determine distributions
(Gilbert & Lechowicz 2004, Chave & Leigh 2002, Condit et al. 2002, McGill et al.
2006, Tuomisto et al. 2003, Svenning 2001, Svenning & Skov 2002, Svenning et al.
2004, Vormisto et al. 2004). Recently, some studies have attempted to combine
deterministic and stochastic processes using model simulations, and have shown
the importance of dispersal limitation on a heterogeneous landscape, even when
species are functionally different (Scheffer & van Nes 2006, Potthoff et al. 2006).
These studies demonstrated the importance of environmental factors and dispersal
limitation, but results also varied between studies as a consequence of the spatial
scale examined.
Methodological issues in studies on determinants of spatial
patterns
A critical missing component in the discussion of the relative importance of
stochastic processes and functional differences among species is the explicit
consideration of spatial scale and extent. Different processes and patterns may
dominate at different spatial scales (Figure 1.2) (Whittaker et al 2001, Snyder &
Chesson, 2004). At large scales (ecosystem level), there is ample evidence that vege-
tation composition varies with climate (Rhode 1992). Deterministic processes,










Figure 1.2. Effect of spatial scale on the observation of stochastic and deterministic mechanisms. 
scales (population level), the patterns are not clear, due to the difficulty in distin-
guishing between the effects of environmental factors and dispersal limitation
(Duivenworden et al. 2002, Gilbert & Lechowicz 2004). Therefore, to discriminate
between the forces that determine the spatial distribution of tree species in the
tropical forest, it is essential to study the effects of environmental factors and
dispersal limitation at scales relevant to adult trees (tree population level
dynamics). 
Previous studies aiming to unravel stochastic and niche-based processes in
tropical forests are contradictory, especially because they were not performed on
sufficiently large scales. They lead to potential underestimation of the importance
of niche-based processes due to the spatial dependency of the processes (Figure
1.2). Moreover, species spatial distribution is not only affected by ‘true’ dispersal
limitation (the ability of seeds to reach a site) but also by the effective recruitment,
so the realized or effective dispersal (seeds that have survived and reached recruit-
ment). Seed limitation (failure of seeds to arrive to all sites in sufficient numbers,
Nathan & Muller-Landau 2000) and establishment limitation (seedling failure to
germinate and establish at a site, Nathan & Muller-Landau 2000) also affect tree
recruitment spatial distribution. Therefore, it is critical to assess these processes
in order to understand the importance of stochastic and deterministic processes on
the tree species spatial distribution. 
In this thesis, I will quantify the landscape distribution of six species of tropical
forest trees and evaluate the relative importance of environmental variables (part
of the deterministic processes) and seed limitation (part of the stochastic
processes) in determining tree spatial distributions at a scale that includes an
entire plant community. Also, I will evaluate the effect of the spatial scale on the
outcome of such studies, and assess both potential and effective dispersal of
different tropical tree species.
Study site
Barro Colorado Island (Figure 1.3), located in Panama (9°9’N, 79°51’W), is a 1500 ha
tropical rainforest island that was isolated from the surrounding mainland
between 1910 and 1914, when the Chagres River was dammed to form the central
part of the Panama canal (Figure 1.2). The island has a dry season, which usually
starts somewhere in December and ends in April or early May (less than Approx.
60 mm per month). Barro Colorado Island (henceforth BCI) lies at the midpoint of a
gradient between the deciduous dry forests of the Pacific shore, with an annual
rainfall of 2623 mm. The annual mean temperature is 27 ºC, with an annual range
of less than 2ºC per month and diurnal ranges of 8 – 10ºC (Leigh, 1999). The forest
on the northeast half of the BCI is recovering from extensive cutting and clearing
late in the nineteenth century. The other half of the island has received little
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disturbance (Figure 1.4A). In terms of topography, the majority of slope on the
island are less than 10º. It has a relief of 145 m, from 26 m (lake level) up to 171 m
a.s.l. (Figure 1.4B, Baillie et al. 2007). BCI was declared a reserve in 1923. The
Smithsonian Institution has administrated it since 1946. 
The island is located in a volcanic arc (part of the Isthmus of Panama) that
resulted from the collision of four plates due to plate tectonics during the Miocene
(Baillie et al. 2007). It consists of three formations: the Bohio (early Oligocene), the
Caimito (late Oligocene) with both a volcanic and a marine facies, and the Andesite
formation (Figure 1.4C, Baillie et al. 2007). The soils in the island seem to vary
systematically with underlying rock and topography, resulting in a considerable
heterogeneity in edaphic environments (Baillie et al. 2007). In general, the soil in
BCI is rich in clay and has considerable concentrations of Ca and Mg while K
concentrations are low. Most of the water comes from the rainfall as the soils have
low permeability (Leigh 1999, Baillie et al. 2007). 
Previous research at the BCI on neutral and niche-based processes
As the location of a Smithsonian Tropical Research Institute, the island has been
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Figure 1.4. Spatial variation in environ-
mental factors at Barro Colorado Island.
(A) Forest age, based on the land use
mapped by Enders (1935), (B) Topograph-
ical habitat types estimated from the slope,
elevation and island boundaries developed
by Johnson and Stallard (1989), and (C)
geological formations mapped by Woodring
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Figure 1.5. Spatial variation at the 50-ha Forest Dynamics plots. (A) Forest age, based on the land
use mapped by Enders (1935), (B) Topographical habitat types estimated from the slope, elevation
and island boundaries developed by Johnson and Stallard (1989), and (C) geological formations
mapped by Woodring (1958) and updated by Baillie et al. (2007). 
tance examples of the research efforts is the 50-ha forest dynamics plot (Figure
1.5), established in 1980 as part of a program to study tropical forest biology. The
plot location was selected on the basis of its homogeneity in terms of relief and
forest age (Harms 2001). It consists of mostly old growth forest (48 out of 50 ha)
and has an elevation that ranges from 120 to 150 m a.s.l. (Hubbell & Foster 1983)
while the elevation BCI ranges from 26 m to 171 m a.s.l. Every 5 years, all trees
with a dbh higher than 1 cm are measured, mapped and identified (Condit et al.
1998). This ongoing research at the 50 ha Plot and the entire island offers an
exciting opportunity to study patterns and processes on the spatial context.
The first census at the 50-ha plot showed a non-random distribution of species,
and a further analysis via chi-square tests, showed a correlation in the distribu-
tion with topography (Hubbell & Foster 1983, 1986). A later study by Harms et al.
(2001), tested for associations in plant distribution and habitat types, using torus
translation techniques to account for the effect of dispersal on the spatial distribu-
tion of species. Harms et al. (2001) suggested that habitat specialization has a
limited effect on plant species. The species-abundance distributions found in the
50 ha plot play a central role in Hubbell’s (2001) book on neutral theory, and in
subsequent discussions how to test it from just observational data (McGill 2006,
Etienne & Olff 2004). 
Further studies have attempted to look at the consistency of habitat associa-
tions through time (censuses) and different life stages (i.e. seedling, juvenile,
adults) using a variety of statistical techniques and approaches (Comita et al. 2007,
Leithead et al. 2009, Kanagaraj et al. 2011). Although there are differences in the
associations found among studies, the general observation is that there are
changes in plant-habitat associations through time.
Svenning et al. (2004,2006) performed studies at large scales in which 0.02-ha
plots were placed over the island. They found that environmental and historical
factors were significant for species distribution, which implies some degree of
ecological determinism (Svenning et al. 2004). Although these studies have tested
the factors that shape the species distribution, the sampling was non-continuous
and the individual plots small such that the effect of the surroundings (e.g. seed
input from other sources, environmental features outside the area of study) could
not be tested.
Scope of the investigation
The study I present here investigates the relative importance of deterministic and
stochastic processes in shaping the spatial distribution of tree species in the trop-
ical forest. To study the effects of environmental factors at a scale that includes
the entire plant community, I used remote sensing techniques combined with field
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Figure 1.6. Plant species description with a view from aerial photos. Seeds photos copyright Steve
Paton. STRI. 
lution photographs. I discuss the accuracy of this method at extracting spatial
patterns and its applicability in other ecological studies (Chapter 2). Remote
sensing provided the possibility to map entire populations of adult trees at BCI.
High resolution aerial photographs were taken and georeferenced in three consecu-
tive years (2005, 2006 and 2007). The mosaicked photos were overlain with the
stem locations and DBH measurements from the 50 ha dynamics plot and a 25 ha
plot to selected tree species with distinctive tree crowns. Then all trees in the
photographs were mapped in order to obtain an island-wide reliable adult distri-
bution maps. Subsequent ground-truthing on five 6-ha plots located around the
canopy towers allowed to estimate the accuracy of the maps obtained. 
Second, the validated distribution maps of Astrocaryum standleyanum, Attalea
butyracea, Dipteryx panamensis, Oenocarpus mapora, Jacaranda copaia and
Tabebuia guayacan (Figure 1.6) were used to examine the effect of environmental
variables, extracted from the soil map (Baillie et al. 2007) and from other sources,
on the spatial distribution of species and to evaluate the effect of scale on the
outcome of the analysis of plant-habitat associations. In this thesis, I present the
outcome of the analysis of plant-habitat associations at varying sampling scale. I
demonstrate that patterns of habitat association are strongly affected by the
choice of sampling scale the (Chapter 3). 
Finally, to evaluate the effect of seed limitation and establishment limitation, I
performed a number of field experiments. The maps and results obtained from
these analyses informed the field experimental design, which consisted in a set of
40 plots per species (A.standleyanum, A.butyracea and D.panamensis) with
varying tree density and soil suitability. During the fruiting season of 2006, seeds
of the tree species were collected, stored. In mid-2008, seed addition sites were
placed at the center of each of the plots by partially burying 3000 seeds (100 seeds
per species, 25 seeds per species-plot) that were protected from granivores with an
iron mesh. During 2007, 2008 and 2009 seed germination at the seed addition sites
was recorded. Additionally, in 2008, seed presence and predation (i.e. seeds
attacked by specialized and generalist predators) were measured at the plots by
setting 10 quadrats per plot and collecting all endocarps on the soil surface and
those buried up to 5 cm deep in the soil within a 1m2 quadrat. I evaluated the
effect of conspecific and heterospecific seed densities on patterns of seed predation
by specialized and generalist predators, showing that, contrary to Janzen-Connell
hypothesis, both conspecific and heterospecific densities modify seed predation
patterns observed (Chapter 4). Finally, I link seed limitation (source, dispersal and
predation) and establishment limitation (seed germination) to estimate the relative
importance of stochastic (seed limitation) and deterministic (site properties) in
determining species recruitment at the early stages (Chapter 5). I discuss the
results in the context of previous and future studies on the spatial structure and
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CHAPTER2
Mapping Tropical Forest Trees
Using High-Resolution Aerial Digital
Photographs
The spatial arrangement of tree species is a key aspect of community
ecology. Because tree species in tropical forests occur at low densi-
ties, it is logistically challenging to measure distributions across large
areas. In this study, we evaluated the potential use of canopy tree
crown maps, derived from high-resolution aerial digital photographs,
as a relatively simple method for measuring large-scale tree distribu-
tions. At Barro Colorado Island, Panama, we used high-resolution
aerial digital photographs (~0.129 m/pixel) to identify tree species
and map crown distributions of four target tree species. We deter-
mined crown mapping accuracy by comparing aerial and ground-
mapped distributions and tested whether the spatial characteristics
of the crown maps reflect those of the ground-mapped trees. Nearly a
quarter (22%) of the common canopy species had sufficiently distinc-
tive crowns to be good candidates for reliably mapping. The errors of
commission (crowns misidentified as a target species) were relatively
low, but the errors of omission (missed canopy trees of the target
species) were high. Only 40% of the canopy individuals were mapped
on the air photos. Despite failing to accurately predict exact abun-
dances of canopy trees, crown distributions accurately reproduced
the clumping patterns and spatial autocorrelation features of three of
four tree species and predicted areas of high and low abundance. We
discuss a range of ecological and forest management applications for
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Un aspecto clave en ecología de comunidades es la distribución espa-
cial de especies de árboles. Sin embargo, debido a que estas especies
se encuentran en bajas densidad en los bosques tropicales, es logísti-
camente exigente medir su distribución en grandes áreas. En este
estudio, evaluamos el uso potencial de mapas de la copa de arboles
del dosel, derivados de fotos digitales aéreas de alta resolución, como
un método relativamente simple de medir distribuciones de arboles a
gran escala. En la Isla de Barro Colorado, Panamá, utilizamos foto-
grafías digitales aéreas de alta resolución (~0.129 m/pixel) para iden-
tificar especies, y mapear la distribución de las copas de cuatro
especies de árboles. Determinamos la precisión de estos mapas,
comparando distribuciones mapeadas desde aire y tierra, y verifi-
camos si los mapas de distribución de copas de arboles reflejan los
patrones espaciales de los arboles mapeados desde tierra. Casi un
cuarto (22%) de las especies de dosel comunes tuvieron copas sufi-
cientemente distintivas para ser mapeadas confiablemente. Los
errores de comisión (copas identificadas como una especie no eran esa
especie) fueron relativamente pocos, pero los errores de omisión
(copas de una especie no identificadas) fueron altos. Solo el 40% de los
individuos en el dosel fueron mapeados con las fotos aéreas. A pesar
de fallar al predecir con precisión las abundancias exactas de los
arboles de dosel, los mapas de distribución de copas reprodujeron con
precisión los patrones de agregación y las características de
correlación espacial en tres de cuatro especies y sirvieron para
estimar áreas de alta y baja abundancia de individuos. Adicional-
mente, discutimos el rango de aplicaciones ecológicas y de manejo de
bosques para las cuales este método puede ser útil.
Resumen
Introduction
The spatial arrangement of tree species is a key aspect of community ecology and
conservation (Bolker et al. 2003, Condit et al. 2000, Hubbell 2001, Nathan &
Muller-Landau 2000). Mapping species distributions is a prerequisite for deter-
mining relationships between species distribution and environment variables
(Condit et al. 2002, Condit et al. 2000, Cottenie 2005), dispersal patterns
(Augspurger 1984, Jansen et al. 2008), relationships with animal distributions
(Etienne & Olff 2004, Wisz et al. 2008) and vulnerability to human impact (Asner et
al. 2002, Cabeza & Moilanen 2001, Sirén et al. 2004). Because tropical forests are
characterized by a high diversity of species that often occur at low densities, a
large survey area is usually required to ensure that both a sufficient number of
individuals and enough spatial heterogeneity are sampled to address fundamental
ecological questions (Wheatley & Johnson 2009, Wu et al. 2002). The required area
may exceed 50 ha, which is the size of the largest fully mapped tropical forest plots
(Condit 1998, Hubbell et al. 2005), and thus would require tremendous effort to
establish and survey plots. Coverage must be even larger if canopy trees need to be
mapped because canopy-sized individuals occur with a density an order of magni-
tude lower than understory trees (Asner et al. 2002, Kobe & Vriesendorp 2009).
Remote sensing techniques, particularly hyper-spectral and high-resolution
satellite imaging, offer potential alternatives for mapping species distributions
over large areas. Although remote sensing is a standard tool for assessing the
spatial structure, complexity and dynamics of forests spanning large areas, espe-
cially in the temperate zone (Ahern et al. 1993, Gergel et al. 2007, Leckie et al.
2003, Pouliot et al. 2002), there have been few studies that have successfully used
satellite remote sensing to map the distribution of tree species in tropical forests
(Clark et al. 2005, Asner et al. 2008). Even when hyperspectral and high-resolution
satellite images are used, it is difficult to identify tree species, and these images
are more expensive and, therefore, not affordable for most facilities that study
tropical forests (Nagendra & Rocchini 2008).
A potentially accessible and relatively inexpensive solution is high-resolution
aerial photographs (Morgan et al. 2010, Trichon & Jullien 2006, Vooren & Offer-
mans 1985, González-Orozco et al. 2010, Herwitz et al. 2000). Trichon and
colleagues (Trichon 2001, Trichon & Jullien 2006, González-Orozco et al. 2010)
have developed keys for identifying individual tree species from high resolution
aerial photographs, and assessed the accuracy of these identifications in test loca-
tions, focusing on errors of commission, i.e. the percent of crowns incorrectly
identified as a target species. In order to map canopy tree densities from aerial
photographs, errors of both commission and omission (the percent of canopy trees
of the target species missed in the aerial mapping) are both important. However,
for many ecological and management purposes at large spatial scales, mapping
relative species densities and spatial properties of species distributions is more
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important than mapping the exact number of individuals. Thus, even if the accu-
racy rates for individual tree detection are modest, the aerial mapping technique
may provide a good quantification of the large-scale spatial properties of species
distributions. Especially since such properties have become a prominent topic in
ecology, not only as a descriptor but also as a key factor in the study of patterns
and process. Properties like spatial distribution, patterns of aggregation and
spatial dependency (e.g. spatial autocorrelation) have been shown to influence
significantly forest dynamics (Dale1999), hence the outcome of ecological studies
(Perry et al. 2006). 
In this study, we quantify the accuracy of using high-resolution aerial digital
photographs to obtain spatial distributions of canopy tree species over 75 ha of
diverse tropical forest at Barro Colorado Island, Panama. We mapped the distribu-
tion of canopy trees of four species and tested the rates of omission and commis-
sion based on fully mapped plots. We also determine how well the mapped crown
density can replicate spatial properties of the stem maps, particularly relative tree
density, spatial autocorrelation and spatial aggregation. 
Methods
Study area
Barro Colorado Island (BCI), Panama (9°9’N,79°51’W) is a 1560-ha island covered
with tropical moist forest, which was isolated from the surrounding mainland
between 1910 and 1914 when the Chagres river was dammed to form the central
part of the Panama Canal. The island has an annual rainfall of 2623 mm with a 4-
month dry season between December and May (Leigh 1999). For all of BCI, 317
tree species have been recorded (Knight 1975) of which 115 are canopy species
(average canopy height is 18–30 m). Fifty-nine of the canopy species are ‘common’
(Croat 1978).
We used two forest plots to evaluate the aerial photo method: a 50-ha (1000 !
500 m) of old-growth forest, in which all trees ≥1 cm diameter at breast height
(DBH) are mapped (Condit 1998, Hubbell et al. 1999, Hubbell et al. 2005) and; (2)
an adjacent 25-ha (500 ! 500 m) plot of secondary forest in which all trees ≥20 cm
DBH have been mapped (Wright and Jansen, unpubl). Also for the 25-ha plot, all
reproductive individuals of the palm species Attalea butyracea (Mutis ex L.f.)
Wess. Boer (Aracaceae), and Astrocaryum standleyanum Bailey (Aracaceae), and all
trees ≥10 cm DBH for Jacaranda copaia Aubl. (Bignoniaceae) and Dipteryx pana-
mensis (Pittier) Record & Mell (Fabaceae) were mapped. We used map data from
2005 for the 50-ha plot and 2004 for the 25-ha plot.
Aerial photography
High-resolution digital aerial photographs were taken from a small plane (Cessna
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172) that flew parallel transects over BCI. The door of the plane was removed, and
the photographer took the photographs with a digital camera (12.3-megapixel
digital SLR camera -Fuji FinePix S3 Pro- with a 35 mm lens, f-stop 4.5-4.8, shutter
speed 1/700-1/1000 s, and ISO speed 400) pointing straight down from the plane
while sitting at the entrance (secured with a harness). We use the term digital
aerial photographs (sensu Morgan et al. 2010) and just photographs for short, due
to its common usage, although these images are technically images, not photo-
graphs, which utilize film. A constant altitude was maintained. Transects were
flown using the directions of a printed flying plan and tracked with a GPS receiver
(Garmin 60CSx). Flights were flown in overlapping north-south swaths at an alti-
tude of 400 m in 2005, 700 m in 2006 and 800 and 1000 m in 2007. In 2005, each
photo covered ≈8.6 ha with a spatial resolution of 0.085 m/pixel. In 2006, coverage
and resolution averaged 15.9 ha and 0.114 m/pixel. In 2007, images were collected
at 2 resolutions – 0.122 m/pixel (10.2 ha coverage/photo) and 0.180 m/pixel (22.3 ha
coverage/photo). The aerial photographs were registered to a geo-referenced March
2004 Quickbird satellite image of BCI (Digital-Globe, Longmont, CO, USA) using
ERDAS IMAGINE v8.7 software (Leica Geosystems, GA, USA). While Quickbird
images allow discrimination of highly conspicuous trees, such as Tabebuia guay-
acan (Seem.) Hemsley (Bignoniacea) when it is flowering (Sanchez-Azofeifa et al.
2011), they cannot be used to map less-conspicuous species, including species and
individuals whose crowns do not have highly conspicuous flowers, or species
whose identification is based on a fine scale shape, such as palms (Jansen et al.
2008, Figure 2.1). We used features visible in both the photographs and satellite
image, such as flowering T. guayacan, edges of the island, telemetry towers and
large tree crowns, as registration points for warping and geo-referencing the indi-
vidual photographs in order to obtain an island-wide mosaic. For the 75-ha area
used for ground-truthing (Figure 2.1), we used 43, 19 and 7 georeferenced photos
in 2005, 2006 and 2007, respectively. 
Species evaluation
We overlaid the photo mosaic with a diameter-scaled stem map of the 50-ha plot
to determine which of the 59 common canopy tree species could be reliably identi-
fied and mapped from aerial photographs. We divided the 50-ha plot into two
equal sections, a training section and a test section. Nine species with less than 5
individuals in the training section were excluded from analysis because there was
low intraspecific variation captured. In the training section, we develop an identi-
fication key (Figure 2.2) based on the crown typology, specifically conspicuous
crown contour, architecture, foliage cover and texture, colour and phenology
(Trichon 2001). Species with non-distinct or highly variable crowns were not
included. After a training session, the test section was surveyed to map individuals
of each of the species and the resulting maps were compared to the stem map to
determine the percentages of correct identifications (Figure 2.2). Given that the
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accuracy in the estimation of species spatial patterns might rely on the ability to
capture both flowering and non-flowering crowns, the target species in this study
where selected based on the high detection percentage of all crowns. 
Crown mapping and accuracy assessment
Using ArcGIS v.9.3 (ESRI, 2011), two analysts separately surveyed the 2005, 2006
and 2007 photos for crowns of the four study species (Table 2.1) for the 50-ha and
25-ha plots. These species were selected because they had the most distinctive
crowns of all species (Figure 2.2). This survey was done by placing a 50 ! 50 m grid
over the 75 ha and identifying all the tree crowns per grid square. By drawing
polygons that traced the contours of each crown, we produced a map of the distri-
bution of sun-exposed individuals and their crown sizes for the entire 75 ha, from
which average crown size and canopy stem density were determined.
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Figure 2.1. Aerial photographs mosaic of the study area (75-ha) at BCI. 
The accuracy of these maps was evaluated by comparing the photo-derived crown
maps to the stem maps. We attempted to link all aerially mapped crowns to
ground-mapped stems using the GPS locations and overlaying both maps. Crowns
identified in the aerial photos that could not be linked to a stem were considered
false positives. Errors due to commission (false positives) and omission (false nega-
tives) were assessed for each analyst using a modified version of the error matrix
described by Congalton (1991). To perform these tests, we established a minimum
DBH threshold above which all trees could be assumed to be in the canopy: ≥10cm
DBH for palms and ≥30 cm DBH for non-palms. The combined effort of both
analysts’ identifications resulted in a final distribution map that was used in the
analyses of spatial patterns described ahead. For D. panamensis, we only used the

























Figure 2.2. Aerial photographs of crowns for 11 tree species on Barro Colorado Island that may be
suitable for aerial mapping. Numbers are the percentage of correct identifications in a blind survey
for the 25 ha training area.  
To do determine if the crown map could estimate the relative abundance and
clumping patterns of these species, we compared ground and aerial photo-based
maps using three methods: Ripley’s K, Morans I, and spatial regression. Ripley’s K
function (K(d)), calculated from individual stem and crown locations, quantifies
the spatial aggregation of tree stems at various inter-tree distances and determines
if the amount of clumping deviates significantly from a random distribution
(Ripley 1976). The (K(d) function was transformed to L(d) = √(K(d)/pi-d, and plotted
as L(d)/d, to illustrate how the observed spatial pattern of each species deviates
from a random distribution at various distances (Besag & Diggle 1977). For each
species, we compared separate L(d)/d functions determined from the stem map and
the crown map. 
We then compared the patterns of spatial autocorrelation between the stem
and crown maps with the Moran’s I test, using different grid sizes to determine
how the spatial resolution of the study might affect the results. We estimated the
average density of individual trees in several square grids (grid sides of 25, 50, 100
and 200 m) for both the crown and stem maps. We used Moran’s I test to measure
the spatial autocorrelation at each resolution, and generated spatial correlograms
that show Moran’s I coefficients for various grid sizes. We tested for global signifi-
cance between the correlograms generated by the stem map and aerial photos
using the Bonferroni criterion, which accounts for the dependence among coeffi-
cients at different spatial scales (Fortin 1999). Global significance between the
stem and photo correlograms indicates that the crown and ground maps generated
similar strengths and distances of spatial autocorrelation. 
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Table 2.1. Characteristics of the four species selected for crown mapping from the aerial photo-
graphs in this study.
Species Attalea Astrocaryum Jacaranda Dipteryx 
butyracea standleyanum copaia panamensis
Dispersal mode Animal Animal Wind Animal
Height (m) 30 20 30 50
Characteristics palm tree palm tree Tree Tree
Shade tolerance Low Medium Low Low
Individuals mapped 3121 2456 977 412
Phenology Evergreen Evergreen Deciduous Deciduous
Flowers Inconspicuous Inconspicuous Conspicuous Conspicuous 
(purple) (red-violet)
Flowering period April to September May to September February to May May to August
Blooming - - Clusters Mass (July)
Crown diameter (m) 8,9 6,4 15,1 24,8
Density (ha-1) 2,05 1,73 0,67 0,25
Finally, we performed spatial regressions to ascertain whether the crown maps
could determine the areas of relatively high and low abundance while taking into
account the spatial autocorrelation of the data. Using the stem map as the
predictor variable and the crown map as the response variable, we determined the
accuracy (coefficient) and strength (r2) of the relationship between the crown and
stem maps for different grid sizes for each species. The Moran’s I and spatial
regression analyses were performed using the software package OpenGeoDa for
Mac OS X version 0.9.9.12 (Anselin et al. 2006). The linear regressions and Ripley’s
K analyses were done in R using the packages splancs (Ripleys K) and stats (regres-
sions) packages.
Results
Of the 50 common canopy tree species, eleven (22%) were potentially suitable for
aerial crown mapping based on evaluation in the 25-ha training area (Figure 2.2).
We choose four of the species with percentage of correct identification above 20%.
For the 4 target species, 1290 canopy individuals were mapped on the ground in
the 50- and 25-ha plots, but just 531 (41%) of the canopy-sized stems of these
species were detected in the aerial photographs. Analyst 1 detected 480 individuals
on the photos (37%) while analyst 2 detected 390 individuals (30%). Crowns of
J. copaia were most accurately identified on the photos (76%) while those of
A. standleyanum were the least accurately identified (19%). The two analysts had
very similar accuracy rates for the two palms, but different accuracy rates for the
non-palms, including a high error of commission rate for D. panamensis for
analyst 1 (Table 2.2). 
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Table 2.2. Accuracy assessment of the 75-ha crown maps derived from aerial photographs for four
tree species on Barro Colorado Island.
Commision (%) Ommision (%) Accuracy (%) Total   




Attalea butyracea 5.3 0.8 43.0 42.6 57.0 57.4 64.8
Astrocaryum 3.4 0.6 83.9 89.3 16,1 10,6 18,8
standleyanum
Jacaranda copaia 5.0 4.7 29.0 44.5 70.9 55.4 76.0
Dipteryx panamensis 60.3 1.6 34.9 52.4 65.1 47.6 65.1
Total accuracy 18.5 1.9 47.7 57.2 37.2 30.2 41.2
per analyst (%)
Despite identifying less than 50% of the canopy individuals, the crown maps accu-
rately captured the spatial patterns of three of the four species. The spatial aggre-
gation, which is measured as Ripley’s K function, was very similar for stem and
crown maps for A. butyracea, A. standleyanum and J. copaia (Figure 2.3).
However, Ripley’s K functions for D. panamensis showed high clumping at short
distances for the crown map but not for the stem map.
The correlograms of the Moran’s I values for different plot sizes were globally
significant for three (A. butyracea, A. standleyanum and J. copaia) of the four
species, indicating crown and stem maps produced similar spatial autocorrelation
patterns across all grid sizes (Figure 2.4). Thus for A.butyracea, A. standleyanum
and J. copaia the spatial autocorrelation increased with grid size. In the case of D.
panamensis, the Moran’s I test was not significant globally or for any of the reso-
lutions between the stem or crown maps. The correlograms showed a nearly iden-
tical magnitude of spatial autocorrelation for A. butyracea at all grid sizes, and a
similar pattern but slightly lower magnitude of spatial autocorrelation for J.
copaia. The crown map produced substantially lower Moran’s I values for A.
standleyanum than the stem map, especially at smaller grid (Figure 2.5). 






























Figure 2.3. Ripley’s K functions of clumping compared between (aerial) crown maps and ground-
based stem maps over 75 ha, for four canopy tree species on Barro Colorado Island. Values of L(d)/d
above 1 indicate greater clumping, and below 1 indicate even distributions. Solid lines represent
observed L(d)/d relations while dashed lines represent the 95% envelope for a random (not spatially
clustered) pattern of the same number of individuals, generated through 99 Monte Carlo simula-





















Figure 2.4. Correlograms of Moran’s I test with stem maps and crown maps for four canopy tree
species on Barro Colorado Island.  
aerial photos-based




100 x 100 m
200 x 200 m
ground-based
Figure 2.5. Density maps of the 50-ha (rectangle) and 25-ha (square) plots using various grid sizes
for the palm Attalea butyracea. Tree density is represented by a gradient of 4 densities in propor-
tions of the total number of individuals (i.e. 25, 50, 75, 100), from low-density areas (light) to high
tree density areas (dark).  
Visual inspection of the crown and stem maps indicated that areas of high and low
tree densities on large scales were similar (Figure 2.5; Appendix S1). This was
confirmed by the spatial regression, which showed a significant correlation
between the stem and crown maps for all grid sizes and species (Table 2.3). The
regression coefficient did not change with grid size for three of the four species but
decreased with grid size for D. panamensis (Table 2.3).
Discussion
High-resolution aerial photographs potentially offer a solution for mapping trees
over large areas at a relatively low cost (Morgan et al. 2010). This would enable
ecological and management issues related to canopy tree distributions on a large
scale to be addressed. The successful use of aerial photographs to identify various
species of trees (e.g., Read et al. 2003, Trichon 2001, Trichon & Jullien 2006) makes
the use of this methodology especially promising. 
Mapping spatial patterns
This study indicated that high resolution aerial photos may be a useful tool for
determining overall spatial patterns of canopy tree species distributions, but not
providing exact estimates of canopy tree species abundance. We found that, in
most cases, tree crowns identified to species were accurately identified, i.e. there
are low rates of commission errors, which is consistent with other studies in trop-
ical forests (Trichon 2001, Myers 1982). One exception was for analyst 1 in
mapping D. panamensis, which had a commission rate of error of 60% (Table 2.2).
However, this method missed many individuals of the target canopy species, i.e. it
had high rates of omission errors (≈40%). Trichon & Jullien (2006) report a similar
low percentage (≈45%) of canopy trees that could be identified in high resolution
aerial photos, although this was not evaluated for individual species.  
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Table 2.3. Spatial regression coefficients and R2 of the correlation between the ground-based maps
and the aerial photo-based map. p<0.0005 in all cases. 
Grid size (m) Attalea Astrocaryum Jacaranda Dipteryx 
butyracea standleyanum copaia panamensis
Coefficient R2 Coefficient R2 Coefficient R2 Coefficient R2
25 ! 25 0.66 0.75 0.17 0.25 0.52 0.62 0.75 0.43
50 ! 50 0.67 0.86 0.16 0.43 0.52 0.69 0.75 0.46
100 ! 100 0.65 0.93 0.13 0.64 0.50 0.76 0.77 0.51
200 ! 200 0.65 0.96 0.18 0.86 0.49 0.91 0.57 0.64
Despite the low accuracy of quantifying exact species abundances across the 75-
ha, the crown maps generated from the aerial photos accurately described the
spatial characteristics of the canopy-sized individuals for three of the four target
species. The crown maps reproduced the clumping characteristics and spatial
autocorrelation patterns of these three species. Finally, the spatial regressions
showed that the crown maps were good predictors of the relative densities derived
from the stem map. This confirms the study by Jansen et al. (2008), which using
different methods, showed the density of A. standleyanum in the 25-ha plot of BCI
was highly correlated with stem-based densities. In this analysis, we extend this
analysis to include the 50-ha plot, as well as showing the strong correlation for
two other species, A. butyracea and J. copaia.
The aerial mapping method was least successful in reproducing the spatial
abundance of D. panamensis. While ground-based spatial clumping and spatial
autocorrelation patterns were not reproduced by the crown map, spatial regres-
sions between the crown and ground map were significant at all scales for this
species, although the coefficients were not consistent among spatial scales (Table
2.3). A better approximation of tree densities using the air photos may be provided
by more advanced techniques, such as those described by Caillaud et al. (2010),
which used DBH-calibrated probability and smoothing functions to predict tree
density from the crown map.
It is interesting to compare the results of A. standleyanum, which had the
highest rates of omission, and D. panamensis, which had the highest rates of
commission. As mentioned above, the crown map of D. panamensis did a poor job
of reproducing the spatial characteristics of the ground-based stem map. However,
even though only 20% of the canopy individuals of A. standleyanum were identified
over 75-ha in the photos, the crown map performed reasonably well in predicting
the spatial patterns of canopy stems. Clumping patterns were well reproduced. The
pattern of spatial autocorrelation was reproduced, although the magnitude of
spatial autocorrelation from the photos was too low at all grid sizes. Finally, densi-
ties of crown significantly predicted densities of canopy stems, and the amount of
variation explained increased with grid size, indicating this method was most reli-
able for predicting landscape scale trends in this species. This suggests that the key
to correctly describing the spatial pattern of a species from aerial photographs is to
have low rates of commission rather than low rates of omission. This suggests that
species in other studies with low rates of commission but not reported rates of
omission (Trichon 2001, Trichon & Julien 2006), would be good candidates for
mapping spatial characteristics of the species over landscape scales.  
D. panamensis had a low rate of commission errors for analyst 2 but a high
rate of commission errors of analyst 1 (Table 2.2). In most cases, there was good
agreement between the two analysts, indicating the repeatability of this method.
However, additional training, iterative consultation between analysts or, the
recently tested dichotomous identification keys and computer base interfaces
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(González-Orozco et al. 2010), may be important to make consistent identification
for all species and to lower error rates. 
It is important to note that we used a diameter threshold to generate stem
maps of all potential canopy trees, which is likely to misrepresent which trees are
actually sun-exposed and thus potentially visible from aerial photographs. The two
non-palms species (D. panamensis and J. copaia) are both light-demanding, which
would indicate that trees of these species would be found in the canopy even
below 30 cm dbh. Because the palms do not have radial growth, it is even more
difficult to use a diameter threshold to indicate canopy or understory species.
However, even without a precise map of only trees that have reached the canopy,
our results indicate the crown map reliably reproduces the large-scale spatial
patterns of large trees of three of the four study species.
Identification of species
In this study, aerial photography allowed us to map the distribution of canopy
individuals for 22% of the common canopy tree species for a 75 ha study area,
which is considerably higher than 9.2% of species reported by Trichon & Julien
(2006) for 15 ha of tropical forest in French Guiana. The higher percentage of iden-
tifications may be due to the larger area, which included a stem map for all canopy
trees, covered in this study. The large study area allows closer examination of
intra- and inter-specific variation in crown typology, which is critical to generate a
higher number of reliable tree identifications. We only performed careful analysis
of 4 of the 11 species with relatively distinguishable crown typology. For the other
7 species, it would be worthwhile to determine the rates of commission errors to
generate good candidates for large-scale mapping. This leaves 80% of the common
canopy-statured species that are poor candidates for mapping from aerial photos.
Other techniques, especially high resolution, airborne hyperspectral imagery holds
the most promise for large scale mapping of these species (Clark et al. 2005,
Bohlman & Lashlee 2005, Asner et al. 2008). However, these images are very
expensive and rarely available, such that aerial photography method is a good
choice for species for which there is cause to believe their crowns are distinct. 
The species that were distinguishable in the study had particular characteris-
tics that may be relevant for choosing target species to map in other areas of trop-
ical forest. First, our study, as well as that of González-Orozco et al. (2010), indi-
cates palm species are good candidates for aerial mapping. Two of the four most
distinguishable species, and 4 of the 11 possible species were palms that are not
only distinctive from non-palms, but also are distinctive from each other. Second,
D. panamensis, L. seemanii, Z. ekmanii and T. guayacan were all distinctive in
large part because of the phenological state of the species when the images were
taken in the dry season. D. panamensis, L. seemanii, and Z. ekmanii had senescing
leaves. T. guayacan, and to a lesser extent J. copaia, had crowns covered in
flowers. To identify a species that is a good candidate for aerial mapping based on
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phenology requires that the phenological state be visually striking when viewed
from above, distinct from other species, and fairly synchronous across a popula-
tion. In some cases, this is fairly easy to judge, such as T. guayacan trees, which
are extremely noticeable even on the ground when they flower synchronously
across central Panama. In other cases, such as L. seemanii and Z. ekmanii, it
would be more difficult to determine on the ground that these tall canopy tree
species would be distinct, and their detectability can only be assessed after
viewing them in the aerial photographs. 
Ecological applications
The species that were reliably identified in aerial photographs included several
ecologically important species occurring on BCI. For example, A. butyracea is host
to the triatomine insect Rhodnius prolixus Stal, an important vector of Chagas
disease (Sanchez-Martin et al. 2006). Mapping palms from digital aerial photo-
graphs could refine the potential distribution of the Chagas disease, which has not
been possible with satellite images (Guhl 2010). In addition, indigenous communi-
ties in Panama and Colombia use A. standleyanum leaves to build the walls of
houses and weave traditional baskets (Dalle et al. 2002; Potvin et al. 2003).
However, it does not germinate easily, and the seedling takes a long time to emerge
and grow to an appropriate size for harvesting (Potvin et al. 2003). Knowledge of
the spatial distribution of A. standleyanum in relation to human densities would
help determine possible impacts of human populations on A. standleyanum. Also,
determining where reproductive adult trees are concentrated, thus facilitating
seed collection, would enable better management of the species. Additionally, the
fruits of D. panamensis, A. butyracea and A. standleyanum are key resources for
the terrestrial mammals on BCI (Smythe 1986). Mapping these tree species allows
the habitat quality for vertebrates to be assessed and the interactions between
vertebrates and their food plants to be evaluated, as shown in previous studies
(e.g. Caillaud et al. 2010; Gálvez et al. 2009; Jansen et al. 2008).
Finally, the technique described here offers flexibility in terms of time and
costs. Over flights can be timed at specific flowering events and take advantage of
favourable cloud conditions, which can be limited in the tropics, on short notice.
This technique can be less costly than satellite imagery or airborne images from
commercial sensors with high enough spatial or spectral resolution for species
identification. Although we mounted the readily available digital cameras on a
small aircraft in their study, it can also be potentially used from helicopters, and
unmanned aerial vehicles (UAV), which are becoming more widely available and
inexpensive (Getzin et al. 2012). 
Conclusion
We conclude that the visual analysis of high-resolution aerial photography is suit-
able for the mapping of specific tropical forest canopy tree species across large
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spatial scales. We showed that, for several species, conclusions on spatial distribu-
tions and patterns inferred from ground-surveyed and aerial photo-surveyed trees
are similar. The proposed method is a relatively low-cost and low-tech alternative
to large-scale ground surveys and hyper-spectral remote sensing, with various
promising potential applications.
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Appendix S1. Density maps of the 50-ha (rectangle) and 25-ha (square) plots using various grid
sizes for Astrocaryum standleyanum, Dipteryx panamenisis and Jacaranda copaia. Tree density is
represented by a gradient of 4 densities in proportions of the total number of individuals (i.e. 25,
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Studies of habitat associations in tropical forest trees have yielded
highly variable results in terms of the percentage of species with
significant habitat associations. Here, we determine how species-
specific spatial aggregation characteristics and sampling scale affect
the outcome of plant-habitat association studies in a tropical forest.
Using distribution maps of canopy-statured individuals, we evaluated
patterns of habitat association in five tropical tree species on Barro
Colorado Island, across a wide range of sampling scales (from 50 –
1600 ha). We used point pattern analysis to evaluate the scale-
dependency of species’ clumping patterns and the association of
species distributions with important environmental variables (forest
age, topography and geological formation). Analyses were performed
with and without the inclusion of species-specific aggregation charac-
teristics. We found that the percentage of significant habitat associa-
tions varied dramatically with spatial scale, but tended to increase
with plot size. Including dispersal constraints in the model of species
distributions decreased the number of significant associations. Esti-
mates of clumping characteristics (e.g. clump size) had high variances
within and among spatial scales. At smaller plot sizes, there was large
variation in the occurrence and even sign (positive or negative) of
significant associations depending on plot location. Our study
suggests that patterns of habitat association (and hence conclusions
on the importance of niche vs. neutral processes) are strongly affected
by species-specific aggregation characteristics and sampling scale.
Explicit consideration of both is critical for studies of habitat associa-
tion and the main processes that structure communities of tropical
trees.
Abstract
Scale-dependence of plant-habitat associations
41
Los estudios de asociaciones planta-hábitat en bosques tropicales han
generado resultados variables en términos del porcentaje de especies
con asociaciones significativas. En este estudio determinamos cómo
las características de agregación espacial, específicas para cada
especie, y la escala afectan el resultado del estudio de asociaciones
planta-hábitat en bosques tropicales. Evaluamos patrones de asocia-
ción en 5 especies de árboles en la Isla de Barro Colorado, en un rango
amplio de escalas de muestreo (desde 50 hasta 1600 ha), usando
mapas de distribución de individuos que han alcanzado el dosel.
Usamos análisis de patrones espaciales para evaluar el efecto de la
escala en los patrones de agregación de las especies y su asociación
con variables ambientales (edad del bosque, topografía y formaciones
geológicas). Los análisis se llevaron a cabo incluyendo y excluyendo
las características de agregación específicas. En este estudio encon-
tramos que el porcentaje de asociaciones significativas varía de forma
drásticas con la escala espacial, pero tiende a aumentar con el
aumento en el tamaño del cuadrante. El número de asociaciones
significativas disminuyó al incluir las limitaciones por la estrategia de
dispersión en el modelo de distribución de especies. Los estimativos
de las características de agregación (e.g. tamaño) variaron bastante
dentro de muestras de la misma escala y entre escalas diferentes. En
cuadrantes de menor tamaño hubo amplia variación en la presencia y
tipo (negativo o positivo) de asociación dependiendo de la localización
del cuadrante. Nuestro estudio sugiere que los patrones de asociación
planta-hábitat (y, por consiguiente, las conclusiones sobre la impor-
tancia de los procesos neutrales y de nicho) son fuertemente afectados
por las características de agregación de cada especie y la escala de
muestreo. La inclusión explícita de estas dos es crítica en los estudios
de asociaciones planta-hábitat y de los principales procesos que
estructuran las comunidades de árboles en bosques tropicales.
Resumen
Introduction
Numerous hypotheses have been proposed to explain the high level of species
coexistence that maintains the high diversity of tropical forests (Wright 2002). One
of the most common explanations is niche theory, which argues that species adap-
tation to specific conditions separates the distribution of different species along
environmental gradients in space and time (Whittaker et al. 1975, Hubbell 2001,
Wright 2002). Thus, each species occupies a specific niche formed by a combina-
tion of abiotic conditions (light, soil factors) that facilitate their establishment and
survival (Pulliam 2000). However, recent studies indicate that dispersal limitation
is also an important determinant of the spatial distribution of tree species (e.g.,
Svenning 2001, Vormisto et al. 2004, Svenning et al. 2006, John et al. 2007,
Bohlman et al. 2008) that may promote coexistence of species. The degree to which
dispersal limitation versus habitat specialization drives species distributions is
currently a major point of scientific discussion (Wiegand et al. 2007, Lin et al.
2011).
A simple indicator of the importance of niche differentiation is the strength of
the association of different species to particular habitats or environmental factors.
However, studies on habitat associations in tropical forest trees have yielded
highly variable results in terms of the percentage of species with significant
habitat associations (Table 3.1). Possible causes for this inconsistency include
differences among studies in: (1) the environmental factors examined, which
include soil chemistry, topography and forest age (2) the statistical techniques used
to detect associations, which range from Mantel tests and randomization tests to
multivariate analyses (Itoh et al. 2010); (3) species-specific characteristics (e.g.,
body size, dispersal strategy; Nathan & Muller-Landau 2000); (4) the spatial scale
of the study (Lam & Quattrochi 1992, Wu 2004, Cottenie 2005), which varies from
as little as 0.3 ha (Balvanera et al. 2002) to the 25 and 50 ha scale typically used for
long-term forest dynamics plots (Harms et al. 2001, Russo et al. 2005) to as much
as 158 ha (Phillips et al. 2003) (Table 3.1). Throughout this paper, we will use
‘scale’ to refer to the spatial extent of the area studied, rather than the level of
detail, resolution or ‘granularity’ of sampling (van Gemerden et al. 2005).
Spatial scale is especially important because environmental factors are hetero-
geneous at different spatial scales (Whittaker et al. 2001, Kneitel & Chase 2004,
Snyder & Chesson 2004, Wu & Li 2009, McGill 2010). At large scales (approxi-
mately 1,000–10,000 ha), species distributions may reflect climatic gradients
(Rhode 1992), whereas at small scales (<10 ha), they may rather reflect soil-related
heterogeneity with respect to nutrient or water availability (which may be
partially driven by individual trees) and heterogeneity in canopy openness (Keddy
1982, Ceccon et al. 2003). Spatial heterogeneity at intermediate scales (approxi-
mately10–1000 ha) may be caused by environmental factors, such as geology,
topography and historical events (e.g., forest management history, Clark et al.
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1995). Until now, no study has evaluated how the sampling scale affects the detec-
tion of habitat associations.
Differences in dispersal capacity of species may also strongly affect the spatial
structure of communities and confound the detection of environmental effects
(Duque et al. 2002, Gilbert & Lechowicz 2004). Seed dispersal patterns determine
the initial potential distribution of individuals, but if the habitat is also important
for survival, the final distribution will resemble the initial dispersal pattern modi-
fied by the habitat requirements of the species. To discriminate between factors
that determine the spatial distributions of tree species in tropical forests, it is
essential to incorporate environmental factors and dispersal limitations simultane-
ously in appropriate statistical models (Nathan & Muller-Landau 2000). 
In this paper, we consider the effect of sampling scale on the detection of
habitat associations in the tropical moist forest of Barro Colorado Island (BCI),
Panama. Four studies of habitat association have previously been conducted on
BCI at different sampling scales with varying conclusions. Two studies of the BCI
50-ha plot found that 64% and 29% of 171 and 75 tree species, respectively,
showed significant habitat associations and that topography and soil chemistry
were important factors (Harms et al. 2001, John et al. 2007). Two studies at the
scale of the whole island (Svenning et al. 2004, 2006), which sampled 32 and 7 ha
of forest, respectively, found that 25% and 68% of the 94 and 26 species studied,
respectively, showed significant habitat associations and that forest age was an
important factor (Table 3.1). Here, we not only encompass the spatial scales of
these previous studies but exceed the sampling scale of any previously published
study. Our prediction was that the percentage of species with associations and the
strength and sign of habitat associations varies with sampling scale. We tested
four specific hypotheses: (1) the number of habitat association found for a species
is inflated by species-specific aggregation characteristics; (2) aggregation charac-
teristics of species are consistent across spatial scales, signifying a characteristic
dispersal pattern for each species; (3) The variability of habitat association
patterns tests will decrease with increasing sampling scale, and (4) the number of
habitat associations found for a species increases with sampling scale, as larger
plots encompass more environmental heterogeneity. Support for these hypotheses
would indicate that sampling scale and species-specific aggregation patterns need
to be explicitly considered in tests of habitat association.





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Barro Colorado Island (BCI), Panama (9.9° N, 79.51° W) is a 1560-ha island that
became isolated from the surrounding mainland tropical forest during 1910–1914,
when the Chagres River was dammed to form the central part of the Panama
Canal (Leigh 1999). The island is covered with tropical moist forest and has an
annual rainfall of 2623 mm, with a four month wet season from December to April
(Leigh 1999). BCI is home to a 50-ha forest dynamics plot, established in 1982
(Condit 1998, Hubbell et al. 1999, Hubbell 2005), and the island has been the focus
of many studies, including vegetation structure, geology, hydrology, soil dynamics
and tropical ecology (Losos & Leigh 2004).
The island is heterogeneous at various spatial scales and in several aspects
including forest age, soil type and topography. About half of the forest is approxi-
mately 100 years old while the remaining is old-growth forest (Enders 1935, Leigh
1999; Figure 3.2). BCI has a variety of soil types that vary systematically with the
type of underlying rock and the topography (Leigh 1999). The island hosts two
main geologic formations dating from the Oligocene, known as Bohio and Caimito
(Figure 3.2). The top of the island is covered with the only non-sedimentary
lithology, the Andesite flow (Johnson & Stallard 1989, Barthold et al. 2008). The
elevation ranges from 27 to 160 m above the sea level, and there is a large varia-
tion in slope (Svenning et al. 2004).
Tree distributions
The spatial distributions of canopy-statured individuals of five study species –
three arborescent palms and three large-canopy tree species (Table 3.2) – across the
entire island were measured from high-resolution aerial photographs, on which the
crowns of each species could be easily recognized (Garzon-Lopez et al. in press).
The five species varied in size, dispersal mode and shade tolerance (Table 3.2). 
The photographs were taken in April 2005 and April 2006. Flights were flown
in overlapping north-south swaths at an altitude of 400 m in 2005 and 700 m in
2006. In 2005, each photo on average covered 8.6 ha with a spatial resolution of
0.085 m/pixel. In 2006, coverage and resolution averaged 15.9 ha and 0.114
m/pixel. The aerial photographs were registered to a georeferenced Quickbird
satellite image of BCI (DigitalGlobe, Longmont, CO, USA) from March 2004, using
the ERDAS IMAGINE v8.7 program (Leica Geosystems, GA, USA). Features visible
in both photos and satellite image, such as flowering Tabebuia guayacan (a canopy
species with conspicuous yellow flowers that can be readily observed in aerial
photographs and satellite images; Sanchez-Azofeifa et al. 2011), telemetry towers
and large tree crowns were used as registration points for warping and georefer-




A key for identifying the crowns of the tree species was developed based on
crown structure, pattern and colour following the criteria Trichon (2001) and veri-
fied using mapped positions of trees of each species in the 50-ha plot (Garzon-
Lopez et al. in press). All aerial photos were surveyed to map canopy-statured indi-
viduals belonging to the five tree species. Polygons were drawn to trace the
contours of each crown, and the centroids of each crown were used to produce a
map of all sampled individuals for each species. Validation was conducted using 75
ha of ground-mapped distributions, including those in the 50-ha plot, to test accu-
racy using an error matrix (Garzon-Lopez et al. in press). This confirmed that the
distribution maps reflected the actual distributions of adult trees of each species
(Garzon-Lopez et al. in press). 
Environmental factors
Five environmental factors (Table 3.3) commonly used in habitat-distribution asso-
ciation studies (cf. Table 3.1) were used to test for associations with the distribu-
tions of canopy individuals. Of these, geological formation (mapped at 1:15000
scale) has a large impact on soil nutrient availability, as well as other soil related
characteristics (e.g., particle size, water retention capacity, pH); Forest age indi-
cates different stages of succession, canopy density and complexity, and liana
coverage, and; Slope and elevation (mapped at a 1:25000 scale) as well as distance
to shore serve as proxies of soil moisture, soil runoff and other hydrological
variables. For this analysis, we combined slope, elevation and distance to shore
into one topographic variable with five habitat types (Table 3.4). The remaining
variables (i.e., forest age and geological formation) are also discrete orthogonal
variables, so they were analysed as separate factors.
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Table 3.2. Characteristics of canopy tree species studied. Crown diameter is the mean sun-exposed
crown diameter calculated from the aerial photos. 
Species Attalea Astrocaryum Jacaranda Tabebuia Oenocarpus 
butyracea standleyanum copaia guayacan mapora
Dispersal mode Animal Animal Wind Wind Animal
Height (m) 30 20 30 30 20
Characteristics palm tree palm tree Deciduous Deciduous palm tree
Shade tolerance Low Medium Low Low High
Individuals mapped 3121 2456 977 688 7555
Seed size (cm) 4 ! 2 3 ! 2 2 ! 1.8 3 ! 1 2 ! 2
Crown diameter (m) 8.9 6.4 15.1 17.3 3.8
Density (ha-1) 2.05 1.73 0.67 0.45 5.41
Determining the level of spatial aggregation and plant-habitat associations
We used six different sizes of rectangular plots representing increasing sample
scales (i.e., 50, 100, 200, 400 and 800 ha, and the entire island -1560 ha). The
smaller sample sizes (50–400 ha) were replicated by placing polygons at randomly
generated points. Overlap among equal-sized samples was avoided. The number of
replicates was 10 for 50 and 100 ha plots, 5 for 200 ha plots, 3 for 400 ha and 1 for
the 800 ha plot and whole-island plot. Areas with homogeneous environmental
variables did not allow the analysis of habitat association thus reducing the
sample sizes for some plot sizes (Appendix S2). Each replicate was evaluated as an
independent sample.
Spatial aggregation
We used Ripley’s K(d) function (representing the aggregation of trees at distance d)
as a measure of spatial aggregation (Ripley 1976). To observe deviations from a
random distribution, the K(d) function was transformed to L(d)/d = (√K(d)/pi-d)/d
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Table 3.3. Environmental variables and levels within each variable. 
Variable Levels Source




Forest age - Secondary forest (after 1880) Enders 1935
- Old-growth forest (before 1880)
Slope - Flat (0°–5°) Johnson & Stallard 1989
(proxy of soil water drainage) - Shallow (5°–10°)
- Steep ( ≥10°)
Distance from the shore - Shore (land mass ≤150m from ArcGIS – Quickbird derived 
the island edge)
- Inland (>150 m from the shore)
Elevation - Low (≤63m ASL) Johnson & Stallard 1989
- High (63–128m ASL)
Table 3.4. Levels composing the topography variable. 
Habitat Distance to shore (m) Slope ( º ) Elevation (m)
Shore 0 to 150 - -
Flat >150 < 5 < 63
Ridge >150 < 5 63 to 128
Shallow >150 5 to 10 -
Steep >150 > 10 -
and plotted against distance at the whole island (Besag & Diggle 1977). We
measured aggregation for the entire island, and at each of the seven smaller spatial
scales, in order to determine the sampling scale effect on estimates of K(d).
Following Plotkin et al. (2000), clump size (!) and clump density ("), were esti-
mated from K(d) by assuming that its distribution follows a Poisson point process
described by the function: 




The parameters ! and r were estimated at each spatial scale using the ‘pcp’ func-
tion in the R-package ‘splancs’. Clump size (!) is expressed in meters and clump
density (r) in clumps per m2. 
Simulations
To determine the effect of the environment on the observed spatial patterns, we
simulated the spatial distributions of adult trees based on the aggregation charac-
teristics (! and r) of each species. We used two simulation approaches (i.e.,
complete spatial randomness - CSR and a Poisson cluster process - PCP) to deter-
mine if habitat associations were significant even when clumping patterns were
taken into account. First, we simulated 1,000 distributions for each one of the
subsamples with complete spatial randomness (CSR), which is determined only by
the number of trees. Second, we generated 1,000 spatial clumped distributions at
each spatial scale, assuming a Poisson cluster process (PCP) in which spatial
patterns are determined by species-specific clumping parameters determined from
the Ripley’s K analysis. For this, we implemented Plotkin et al. (2000) approach,
using both the clump density (r) and size (!) estimated form K(d) at each scale as
input parameters. PCP’s were simulated by placing a number of clusters equal to
"i*A +0.5, where A corresponds to the area of the sample for the ith species. The
number of stems per cluster was given by ni /"i*A, where n corresponds to the
total number of individuals in species i. Visual inspection of simulation outputs
based on PCP resembled the observed distributions more closely than simulations
with CSR, showing the importance of dispersal limitation as a basic determinant
of species distributions (Figure 3.1). 
Habitat associations
To test for plant-habitat associations, we used the Gamma test (Plotkin et al. 2000),
which is a modified version of a Chi-square test. A standard Chi-square test is not
suitable in this case due to its assumption of independence in the locations of
conspecific trees. The Gamma statistic is defined as the proportion of trees found
on habitat type A, which is defined as (1/ni,) niA; where ni is the number of trees of
species i in the sample, and niA is the number of trees of species i in the sample
occurring on environmental factor A. To test if the species were significantly asso-
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ciated with the environmental factors we studied, we compared observed Gamma
values to those generated in 1000 PCP and CSR simulations. If observed Gamma
values fell outside the 95% confidence interval of simulated Gamma values,
habitat associations were consider significant and either negative (ObservedGamma
< SimulatedGamma) or positive (ObservedGamma > SimulatedGamma). We performed
all the analyses using the ‘Splancs’ and ‘grdevices’ package in the R program (R
Development Core Team 2005)
Results
We mapped a total of 15,209 crowns of the five tree species. The density ranged
from 0.45 (T. guayacan) to 5.4 trees ha–1 (Oenocarpus mapora) (Table 3.2). Visual
inspection of the island-wide distribution maps suggested that all species had
biased/clustered spatial distributions, with more individuals occurring in some
habitat types than in others (Figure 3.2). For example, O. mapora seemed to be
more abundant on ridges, Jacaranda copaia seemed in the old-growth forest and
Attalea butyracea in regrowth forest. 
Aggregation patterns differed among species as indicated by L(d)/d values at the
scale of the entire island (Figure 3.3). T. guayacan and A. butyracea had the lowest
L(d)/d of all five species, indicating that these were less aggregated (fewer
trees/clump) than other species in the range from 0 to 1500 m. O. mapora had the
highest L(d)/d value, indicating the strongest aggregation. T. guayacan had a peak
L(d)/d at the largest distance (32 m), which suggests it had the largest clump size






Real distribution Poisson cluster process Complete spatial randomness
Figure 3.1. Three spatial distributions of Attalea butyracea on Barro Colorado Island, Panama: (A)
observed, (B) distribution simulated with Poisson cluster process that incorporates species-specific
aggregation and (C) distribution simulated with complete spatial randomness, which does not. Each
plot has the same number of individuals.  The background is a map of forest age.  
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Figure 3.2. Spatial distribution of five tropical tree species plotted against a background of envi-
ronmental factors on Barro Colorado Island, Panama.  
Spatial clumping
The spatial clumping parameters showed several consistent trends among species
(Fig. 3.4; Appendices S3, S4). The size of clumps and the number of trees per clump
increased while the clump density (ha–1) decreased with increasing plot size indi-
cating larger spatial scales are needed to identify the large-scale clumping patterns
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Figure 3.3. Ripley’s K function (L(d)/d) for five species on Barro Colorado Island, Panama. Plots
show association at small distances (2 – 40 m) and at large distances (2 – 1800 m, Inserts). Values of
(L(d)/d) above 1 indicate clumping, and below 1 indicate even distributions. Solid lines represent
observed (L(d)/d), and dashed lines represent the 95% envelope generated through 99 Monte Carlo
simulations with complete spatial randomness.   
and 200-ha plot sizes but showed little consistency between adjacent plot sizes in
the rest of the sampling size range (Figure 3.3). The variance in clump density
decreased with plot size for all species, but the variance in cluster size and
trees/clump showed no clear pattern with plot size (data not shown).
Species-habitat associations
When compared against simulations complete spatial randomness (CSR), all
species showed an increasing percentage of significant habitat associations (either
positive or negative) with spatial size (Fig. 3.5; Appendix S5). At spatial scales
≥400 ha, all species were associated with ≥40% of the environmental variables.
All three palm species showed significant associations with ≥40% of the environ-
mental variables starting at plot sizes of 100 ha. A. butyracea, Astrocaryum stand-
leyanum, and O. mapora all had similarly high percentages of significant associa-
tions with forest age, geologic substrate and topography. For J. copaia there were
fewest associations with topography. For T. guayacan, the greatest number of
associations was with forest age.
The simulations under PCP, which incorporated species-specific differences in
aggregation, yielded fewer plant–habitat associations than CSR simulations (Figure
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Figure 3.4. Effect of sampling scale on clump size (m) as determined by Poisson point cluster
analysis for five tropical tree species on Barro Colorado Island, Panama. Box-plots summarize all
subsamples at a particular sampling scale (sample sizes are 10, 10, 10, 4, 1, 1 subsamples for plot
sizes on the x-axis). Plot shows median and interquartile range (box) and standard error (whiskers).   
3.5; Appendix S6). For all environmental variables considered together, the
percentage of significant habitat associations was ≤40% for all species and all plot
sizes. The number of significant habitat associations with the PCP simulations
increased with sample size, but less strongly than with the CSR simulations. For A.
butyracea and O. mapora, the PCP simulations actually showed a drop in the
percentage of significant correlations at the largest spatial sizes for some environ-
mental variables. For simulations under PCP, forest age had the most significant
associations for nearly all the species, especially at large plot sizes. The decrease in
associations from CSR to PCP simulations was greatest for geological formation
and lowest for forest age (Figure 3.5). O. mapora showed significant reductions in
the percentage of significant habitat associations between PCP and CSR simula-
tions at all spatial scales. A. butyracea, A. standleyanum and J. copaia showed the
largest decreases in the percentage of habitat associations under PCP simulations
at larger spatial scales. 
There was a high degree of variability in sign of the habitat associations (posi-
tive or negative) within and among sampling sizes, especially under CSR simula-
tions (Appendix S5 and S6). For example, there were both significantly positive and
negative associations at the 100-ha and 200-ha scales found for A. butyracea with
the ridge habitat type depending on plot location. At the 100 ha scale, 50% of the
CSR simulations that had 2 or more significant associations for the same species
and habitat type showed both positive and negative associations. Under PCP simu-
lations, this was reduced to 20%. This indicates that the actual spatial placement
of plots had a strong influence (via environmental heterogeneity, clustering charac-
teristics, species density, etc.) on the observed association patterns. Forest age had
consistently positive or consistently negative associations for both PCP and CSR at
nearly all spatial scales and for all species. Geologic substrate and topography had
more instances of having both negative and positive associations for the same
species within and between spatial scales, especially with the CSR simulations. 
Under PCP simulations, several consistent combinations of species and
environmental variables showed some consistency within or among scales in
terms of sign and significance of association (Appendix S5 and S6). All palm species
plus T. guayacan were positively associated with the secondary forest and nega-
tively associated with old-growth forest (Figure 3.5). In contrast, J. copaia was
positively associated with the old-growth forest and negatively associated with
secondary forest. These associations with forest age were most consistent at the
largest plot sizes (800–1600 ha). O. mapora had the most numerous habitat associ-
ations. It was significantly and positively associated with the Andesite and Caimito
volcanic types, regrowth forest and the shore and ridge habitats, but negatively
associated with the old-growth forest and steep habitats. 
Chapter 3
54














































1600100 200 40050 800 1600100 200 40050 800 1600100 200 40050 800



























Figure 3.5. Variation in habitat associations with different sampling scales assuming PCP (Poisson
Cluster Process) and CSR (Complete Spatial Randomness) in generating the simulated datasets for
the five study species. The y-axis (% habitat associations) is the mean number of levels within the
given environmental variable (forest, geology, topography) showing a significant association (either
positive or negative) with the species distribution (Appendix S5 and S6). The error bars indicate the
standard error of significant associations among plots at the given sampling scale.   
Discussion
Habitat association is a distinctive feature of niche specialization (Harms et al.
2001), but the strength of the habitat associations found in tropical forests is
highly inconsistent across studies (Table 3.1; Cottenie 2005). Our study suggests
that an important part of these inconsistencies can be attributed to the variation
in the sampling scale across studies and/or a failure to explicitly account for
species-specific aggregation patterns due to dispersal limitation. The number of
the plant–habitat associations detected in this study varied strongly with the
sampling scale for the five studied species, but differences among plot sizes
decreased when dispersal limitation was included. Changes in the number of
habitat associations depended on the environmental factor being considered.
Forest age produced fairly consistent results across spatial scales (especially spatial
scales ≥400 ha) both with and without incorporating dispersal limitation, whereas
geological formation and topographical class did not. Svenning et al. (2004) also
found forest age to be the environmental variable with the highest number of
significant relationships with plant distributions. For some species and environ-
mental factors, consistent results showing habitat associations for canopy-statured
tropical forest species may require large sampling scales (>200 ha). 
Due to the large variation in environmental and species arrangement within
replicates at this scale, we find that a single 50-ha plot, the standard in studies of
tropical tree diversity and the distributions may not be suitable for identifying
consistent trends of habitat associations that could be applicable at landscape
scales for many species and environmental variables. The mean percentage of
significant habitat associations was the lowest for the 50-ha plot scales for nearly
all combinations of species and environmental factors. Variance in percentage of
significant habitat associations among 50-ha plot was also high. Different plots
may yield entirely opposite conclusions. This emphasizes that the particular place-
ment of a single plot can determine the results of a study. Also, we found that
analysis at larger spatial scales can reveal habitat associations that were not found
at smaller scales. 
Point pattern analysis identified pronounced species-specific aggregation
patterns, which is in agreement with Condit et al. (2000) and Plotkin et al. (2002).
However, the calculated clumping characteristics changed when larger sampling
scales were considered. In general, larger sample scales yielded larger clump sizes.
If there were a single ‘best’ clump characteristic for these species, we would
expect clumping characteristics to remain the same for at least several adjacent
sampling scales. There was some consistency in clumping characteristics between
the 100 and 200 ha sampling sizes, but overall there was little consistency among
adjacent sample sizes. The variation in clumping characteristics with sampling
size suggests different mechanisms are causing spatial aggregation depending on
the spatial scale. For example, different dispersal agents may cause seeds to aggre-
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gate at different scales. In the case of animal-dispersed seeds, seeds rain will
initially cause seeds to clump near the stems of the parent tree. For species with
multiple animal dispersers, such as A. butyracea, different dispersers (agoutis,
squirrels) may move seeds different distances from the parent tree. Also, tree-fall
gap formation may generate clumps of characteristics sizes, especially for light-
demanding species, which includes three of the five species in this study, whose
establishment is favoured by tree-fall gaps (Table 3.2). Previous studies (Plotkin et
al. 2002; Wiegand et al. 2009) have quantified clustering properties at different
spatial scales, but all within plots ≤ 50 ha. Our results suggest different critical
clustering sizes continue to develop at larger spatial scales.  
Our results also show that habitat associations that emerge in tests under CSR
often disappear once the effect of spatial aggregation (dispersal limitation) is
accounted for. While some previous studies of habitat association have treated
trees as independent units without accounting for the natural clumping that may
arise from dispersal limitation (e.g., Baillie et al. 1987, Clark et al. 1999, Dalle et al.
2002, Blundell & Peart 2004, Costa et al. 2005), many recent studies include
dispersal limitations and, as in our case, find that aggregation pattern has a strong
effect on the number of plant–habitat associations found for a species (Plotkin et
al. 2000, Svenning et al. 2006, Bohlman et al. 2008, Leithead et al. 2009). Our study
is unique in showing how clumping patterns vary across spatial scales, and in fact
we found the greatest reduction between CSR and PCP occurred at the largest
spatial scales rarely used in previous studies. Dispersal limitation appears to be a
critical factor in determining tree distributions even at large spatial scales (Nathan
& Muller-Landau 2000) and may lead to wrong conclusions about species-habitat
associations if not accounted for. 
Our study supports the emerging view that the spatial distribution of tropical
tree species involves both niche differentiation and dispersal limitation, where
their relative importance varies with spatial scale. Rather than being two
contrasting processes, they interact with each other. Also, this implies that
dispersal limitation needs to be accounted for when niche differences are studied
and vice versa.
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Appendix S2. Samples per plot size for each level of the environmental variables.  Total possible
samples per plot size are listed in the row headings. Samples that lack spatial coverage of the level
for the plot size were not included. 
50 ha 100 ha 200 ha 400 ha 800 ha 1600 ha
N = 10 N = 10 N = 6 N = 3 N = 1 N = 1
Geology
Andesite 6 9 5 3 1 1
Bohio volcanic 7 8 6 3 1 1
Caimito marine 6 7 5 3 1 1
Caimito volcanic 3 2 2 2 1 1
Forest age
Regrowth 9 10 6 3 1 1
Old growth 10 10 6 3 1 1
Habitat
Shore 5 9 6 3 1 1
Flat 7 9 6 3 1 1
Ridge 10 10 6 3 1 1
Shallow 7 9 5 3 1 1
Steep 10 10 6 3 1 1
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Appendix S3. Effect of sampling scale on the number of clumps per ha for five tropical tree species
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Appendix S4. Effect of sampling scale on the average number of trees per clump for five tropical











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Density and context dependence
of seed mortality in a tropical forest:
indirect interactions among large-seeded
trees mediated by frugivores
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The Janzen-Connell hypothesis is one of the leading explanations for
tree species coexistence in tropical forests. It hypothesizes dispropor-
tionally high offspring mortality near adult trees due to specialized
predators and pathogens, preventing long-term local dominance of
the same species. Nonetheless, generalist predators might cancel
Janzen-Connell due to scale-dependent indirect interactions among
tree species (e.g. associational resistance, apparent competition), via
the distribution and density of the plant species that are shared. 
Here, we evaluated the relationship between population density and
predation rates by generalist and specialist seed predators. To do this,
we quantified seed predation by specialized and generalist animal
predators for Astrocaryum standleyanum, Attalea butyracea and
Dipteryx panamensis at a series of 62 plots (1-ha) with varying levels
of conspecific and heterospecific tree densities across Barro Colorado
Island, Panama. We evaluated how conspecific and heterospecific tree
densities, in isolation and combined, could affect seed predation
patterns. We found that Astrocaryum standleyanum was the most
palatable species followed by Attalea butyracea and Dipteryx pana-
mensis. Seed predation patterns by both specialists and generalists
were affected both by conspecific and heterospecific tree densities.
The strength and direction of the effects were species-specific, indi-
cating the spatial arrangement of the plant species and predator
feeding preferences both affected predation. We conclude that inter-
actions via shared predators (generalists) have a key effect on seed
mortality not only via shared enemies, but also in affecting seed
mortality patterns by specialized predators. 
Abstract
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La hipótesis de Janzen-Connell es una de las explicaciones más
importantes sobre la coexistencia de especies de árboles en bosques
tropicales. En esta se hipotetiza que existe una mortalidad despropor-
cionalmente alta cerca a árboles adultos debido al efecto de depreda-
dores y patógenos especializados que previenen la dominancia local
de la una especie a largo plazo. Sin embargo, los depredadores genera-
listas pueden opacar la hipótesis de Janzen-Connell a través de inter-
acciones indirectas relacionadas con la escala (e.g. resistencia por
asociación, competencia aparente). En este estudio evaluamos la rela-
ción entre la densidad de población y las tasas de depredacion de
semillas por depredadores generalistas y especialistas. Para hacer
esto, cuantificamos la depredación por especialistas y generalistas de
Astrocaryum standleyanum, Attalea butyracea y Dipteryx pana-
mensis en una serie de 62 cuadrantes (1-ha) con distintos niveles de
densidad de árboles conesspecíficos y heteroespecíficos. En la Isla de
Barro Colorado, evaluamos cómo la densidad de árboles conespecí-
ficos y heteroespecíficos, aislados o en combinación, puede afectar los
patrones de depredación. Encontramos que Astrocaryum stand-
leyanum es la especie más comestible, seguida por Attalea butyracea
y Dipteryx panamensis. Contrario a la hipótesis Janzen-Connell, la
depredación de semillas por especialistas y generalistas fue afectada
por la densidad de árboles heteroespecíficos y conespecíficos. Sin
embargo, la fuerza y dirección del efecto fue específico para cada
especie, indicando que el arreglo espacial de las especies y las prefe-
rencias de alimentación de los depredadores afectan la depredación.
Concluimos que las interacciones a través de generalistas tienen un
efecto clave en la mortalidad de semillas no solo mediante enemigos
compartidos, sino que también afectan los patrones de mortalidad
generados por depredadores especialistas.
Resumen
Introduction
Understanding the mechanisms allowing plant species coexistence in highly
diverse ecosystems such as tropical forests has been a key subject in ecology
(Chesson 2000, Leigh et al. 2004, Wright 2002). Several mechanisms, such as
resource heterogeneity and niche partitioning (Clark & Clark 1984, Svenning et al.
2009, Terborgh 1985, Terborgh & Wright 1994, Tilman 1992), random mortality
based on density- independent abiotic factors (Kenkel 1988), high productivity
(Specht & Specht 1993), and frequency- (Condit 1996, Hubbell 1979) or density-
dependent mortality (Connell 1971, Hubbell et al. 1990, Janzen 1970, Mangan et
al. 2010, Wills et al. 1997) have been explored. 
One of the leading explanations of plant species coexistence mediated by
trophic interactions is the Janzen-Connell hypothesis (Connell 1978, Janzen 1970).
It predicts that offspring mortality through predation is disproportionately high
near adult trees, because species-specific enemies tend to be more numerous at
those areas. Therefore, seeds can only survive if they reach locations where the
species does not yet occur. This prevents generic dominance of the same plant
species over large geographic extents, thus promoting diversity. The same situation
holds for areas nearby a parent tree, which hosts a high density of conspecifics (i.e.
patches of the same plant species). In these areas, specialised enemies will dispro-
portionately kill a high proportion of con-specific seeds and seedlings. This bene-
fits the recruitment of species that are not yet locally dominant, and promotes
local plant species diversity, as no species can become common enough to replace
competitively all others (Janzen 1970). Specialised seed predators are, therefore,
expected to promote forest diversity. 
Several studies in tropical forests have provided evidence for intense density-
dependent seed and/or seedling mortality, supporting the general Janzen-Connell
idea (Janzen 1971, Wright 1983, Forget 1994). Other studies have found evidence
against it (Forget 1993, Hart 1995, Terborgh et al. 1993, Wilson 2011). Both groups
of studies have evaluated Janzen-Connell density dependence by either comparing
the performance of a single-specie across plots with varying focal plant species
density (e.g. Gilbert et al. 1994, Schupp 1992, Bagchi et al. 2010) or contrasting the
performance of multiple species across a population density gradient (e.g. Comita
et al. 2010, Harms et al. 2000).
Even when following similar methodologies, the contrasting results might be
due to the differences among studies in terms of presence of heterospecific seeds
which affect seed mortality through the behaviour of the seed predators (Chaneton
& Bonsall 2000, Mari et al. 2008).  This behavior changes depending on the degree
of specialism vs. generalism and the predators’ strategy when searching for
resources. For example, vertebrates search in the horizontal plane, while inverte-
brates search vertically as they descend from tree crowns (Hammond & Brown
1998, Janzen 1971).  This results in different seed predation patterns and reduces
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our capacity to quantify the effect of Janzen-Connell processes by adding sources
of variation to the predation patterns examined.
An additional source of disparity between studies is the presence and charac-
teristics of a shared predator, which may alter the density dependence effect of
other plant species on predation patterns of the focal species. The phenomenon of
one plant species’ presence indirectly reducing or promoting the survival of a focal
species has been described as “apparent competition” or “apparent mutualism”
(Chaneton & Bonsall 2000, Holt 1977, Holt & Kotler 1987). Apparent competition
exists when there is a negative effect on the survival of a focal species due to the
presence of another species with a shared enemy (herbivores, parasites, predators,
pathogens), thus promoting the abundance of the enemies of the focal plant species
(Holt 1977). In the case of seed predation, a location with a high density of a
strongly preferred seed attracts seed predators, modifying the fate of other tree
species in the patch (Veech 2000). In contrast, apparent mutualism arises when the
presence of a particular species has a positive survival effect on the focal species
(Abrams & Holt, 1998). If the abundance of a highly preferred plant species is suffi-
cient to satiate a territorial predator, then the less-preferred species of seed bene-
fits from the high abundance of the first species, as it would be consumed other-
wise (Barbosa et al. 2009). Hence, if the probability of seed mortality depends on
the abundance of both conspecifics and heterospecific individuals, the Janzen-
Connell does not work in the classic way, leading to different results than
predicted by this hypothesis. 
In this study,  we examined seed predation patterns in three large-seeded rain-
forest tree species. These are subject to predation by both invertebrate host-
specific enemies (bruchid and scolitid beetles) and mammalian generalist enemies
(agoutis and squirrels). Here, we evaluated the effects of conspecific and
heterospecific seed density on seed predation patterns. Specifically, we estimated
the role of conspecific and heterospecific seed density on the predation patterns of
the focal species via a shared predator (i.e., behaviour and feeding preferences) and
its consequences on the predation patterns generated by specialist predators. For
this,  we evaluated if seed predation patterns by host-specific natural enemies
increases with the density of conspecific seeds (in accordance to the Janzen-
Connell hypothesis); and if seed predation patterns depend on the density of both
conspecifics and heterospecifics via shared generalist enemies, thus disrupting
classic Janzen-Connell hypothesis. For this,  we measured seed predation on three
large-seeded tree species in a tropical forest using a plot-based design in a 1560 ha
study area with varying tree species densities. This represents one of the first
attempts to test indirect interactions among plant species via shared predators at
large scale for multiple tree species and predators.




This study was carried out at Barro Colorado Island (hereafter BCI) (9°9’N,
79°51’W), a 1560-ha island located in the Gatun Lake. BCI became an island
between 1910 and 1914, when the Chagres River was dammed to build the
Panama Canal (Leigh 1999). According to the Holdridge system, it is a lowland
tropical rainforest (Leigh 1999) with an average rainfall of 2612 mm per year, a dry
period between December and early May, and average temperature of 27°C
throughout the year (Leigh 1999). Forests on BCI range between 125 and 400 years
of age.
Study species
This study focuses on three of the most abundant large-seeded tree species on BCI:
Astrocaryum standleyanum, Attalea butyracea, and Dipteryx panamensis (Table
4.1). A large variety of generalist predators consume the seeds of these tree species
(Andreazzi et al. 2009), including agoutis, squirrels and spiny rats (Hoch & Adler
1997, Smythe 1989). These predators crack open the hard endocarps to extract the
seed, acting as primary seed predators. However, the agouti (Dasyprocta punctata)
is not only a predator but also a disperser that collects seeds and buries them, in a
process known as scatter hoarding (Smythe et al. 1982, Vander Wall 1990). 
Two of the study tree species (A. standleyanum and A. butyracea) also have
host-specific insect predators (Fragoso et al. 2003, Visser et al. 2011, Table 4.1).
These insects (i.e., bruchids and scolytids), spend part of the life cycle (from larvae
to adult) inside the seed, leaving a small entrance hole; and in the case of the
bruchids, leaving also a large exit hole (6 to 7 mm) that can easily be distinguish
(Galvez & Jansen 2007). 
Data collection
Fieldwork was carried out from March to June 2008. Using maps the canopy-sized
individuals for the three tree species (developed from high-resolution aerial photos
of BCI; Garzon-Lopez et al. in press, Jansen et al. 2008, Caillaud et al. 2010) we
established 62 1-hectare plots across the entire island with varying densities of the
three tree species. Using maps classified by quartile of tree density (calculated
using a Kernel function in ArcGIS with 2m grid size; ESRI 2011), we selected areas
with low (0-25% or first quartile) and high tree density (75-100% or fourth quar-
tile). For each plot, 10 points were randomly selected and their coordinates
uploaded to a handheld GPS (Garmin GPSmap 60CSx). At each one of these loca-
tions, we collected all endocarps on the soil surface and those buried up to 5 cm
deep in the soil within a 1-m2 quadrat. This gave us a measurement of the local
seed abundance. Across all species, we sampled a total of 1860 quadrants distrib-
uted across 62 plots (10 quadrants per plot for each of the three target species). 
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For all sampled seeds, predation state (presence/absence), and predator type
(generalists or specialists) was determined from the typical feeding scar that each
group leaves on the endocarps (Silvius 2002). Each feeding scar was recorded as a
separate event. In the scolytid case, we also recorded the number of predation
scars (i.e., number of 1 mm holes) through the seed coat since these indicate inde-
pendent events of predation (Visser et al. 2011). Data on A.butyracea from 10 of
the plots was collected by and is presented in Visser et al. (2011).
Statistical analysis
We estimated seed and seed predation densities at all the plots and performed
logistic regressions to evaluate the effect of conspecific, heterospecific and
combined conspecific and heterospecific plant species densities on the seed preda-
tion patterns of the focal plant species. For each plot, seed density was estimated
using the correlation between observed seed abundance and aerial photo-
based estimates of tree density (abundance vs. density Poisson regression for
A. butyracea: z = 10.73, p < 0.000; A. standleyanum: z = 5.94, p < 0.000, and
D. panamensis: z = 3.77, p < 0.01). This relation assumes that seed density can be
estimated from tree density. Based on this relationship we were able to use the
seed abundance estimates as a reliable measurement of total available resources
for predators at a site. Because they were right skewed, seed abundance data were
normalized using a log(x+1) transformation to allow comparisons among plots and
species, and meet the regression assumptions.
The effect of conspecific seed density on seed predation rates was evaluated
using a logistic regression, with seed predation rates of focal species as the
response variable, and conspecific density as the predictor variable (a model repre-
senting classic Janzen-Connell hypothesis). If the conspecific coefficients of
logistic regression were positive, we considered that conspecific density had a
positive effect on predation rates. If these were negative, we considered that
conspecific densities had the opposite effect on predation rates.
The effect of heterospecific seed densities on seed predation rates of the focal
species were evaluated by including it in the above logistic regression model.
Heterospecific densities were included both as densities of individual heterospe-
cific species or densities of all heterospecific species.  For those models with signif-
icant heterospecific coefficients, heterospecific densities effect on seed predation
patterns was evaluated by comparing conspecific only models to models including
both heterospecifics (individually or summed) and conspecific densities as
response variables. Model comparison was done using the log-likelihood ratio
tests. Heterospecific densities were considered important if including them in the




A total of 5790 seeds in the 62 plots were collected. The proportion of seeds
predated by generalists across all sampled plots varied among species between 38
and 74% (A. standleyanum: MEAN ±28.22, A. butyracea: MEAN ±22.90 and
D. panamensis: MEAN±30.30; Figure 4.1), whereas the proportion of seeds
predated by specialists varied between 28 and 38% (A. standleyanum: MEAN
±13.11 and A. butyracea: MEAN ±11.91; Figure 4.1). Both specialists and general-
ists predated 44 ±2.19% and 48 ±1.54% of A. butyracea and A. standleyanum
seeds, respectively (Figure 4.1). 
Seed predation by specialists was significantly associated with conspecific seed
density (Figures 4.2, 4.3). The fraction of A. butyracea seeds with specialist emer-
gence holes decreased significantly as conspecific seed abundance increases
(logistic regression: ! = –1.141, SE = 0.109, p < 0.000; as shown in Figure 4.2-
topleft panel). The opposite trend was observed for A. standleyanum, as the
proportion of seeds predated by specialists significantly increased with conspecific
seed abundance (logistic regression: ! = 0.629, SE = 0.122, p < 0.001; Figure 4.3-
topleft panel). Seed predation by generalists (Generalists in Figure 4.2, 4.3 and 4.4)
was also significantly associated with conspecific density, with predation
decreasing significantly with conspecific seed abundance for all three evaluated
species (logistic regression: A. butyracea: ! = –0.688, SE=0.158, p < 0.001; A. stan-
dleyanum: ! = –2.454, SE = 0.195, p < 0.000; D. panamensis: ! = -0.927, SE =
0.265, p < 0.000).





















Figure 4.1. Number of seeds predated per plot by generalist and specialist and both. In the case of
specialist and both predators, D.panamensis has no data. Box-Plots represent the median and
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Figure 4.2. Regression models of A. butyracea seed predation by specialist predators (column 1) and
generalist predators (column 2).  Seed predation was modelled as a function of density of conspe-
cific seed density heterospecific (A.standleyanum and D.panamensis) seed density and both
conspecifics and heterospecifics seed density.  Black solid lines represent fitted logistic regression
models and grey lines correspond to the 95% confidence interval. Open circles correspond to plot
with circle area proportional to the sample size.   
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Figure 4.3. Seed predation on A. standleyanum by specialist and generalist predators in relation to
the density of conspecifics, heterospecifics (A. butyracea and D.panamensis) and both. Lines and
circles represented as in Figure 4.2.   
Heterospecific seed densities also affected seed predation by both specialist and
generalist predators from all tree species (Figure 4.2, 4.3 and 4.4). The fraction of
A. butyracea and A. standleyanum seeds predated by specialists increased signifi-
cantly with heterospecific seed abundance (logistic regression heterospecific coef-
ficients for A. butyracea 1.685 ±0.320, p < 0.001; and A .standleyanum: –0.332
±0.121, p < 0.001). However, the effect differed when only a single heterospecific
species was considered. Seeds of A. standleyanum predated by specialists signifi-
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Figure 4.4. Seed predation pattern of D. panamensis by generalists, in relation with density of
conspecifics. Lines and circles represented as in Figure 4.2.   
cantly increased with D. panamensis seed abundance (0.511 ±0.056, p < 0.000),
but there was no significant effect of A. butyracea seed abundance. The percentage
of A. butyracea seeds predated by specialist predators significantly decreased with
abundance of D. panamensis seeds (–0.518 ±0.058, p = 0.000), but the effect was
not significant with A.standleyanum seed abundance.
In the case of predation by generalists, predation of A. butyracea seeds
decreased significantly with abundance of A. standleyanum seeds (–0.619 ±0.234,
p = 0.008) and increased significantly with D. panamensis seed abundance (1.203
±0.097, p =< 0.001). Finally, predation of  D. panamensis seeds by generalist pre-
dators increased with A. standleyanum seed abundance (1.549 ±0.228, p < 0.001);
and a decrease with A. butyracea seed abundance (–0.565 ±0.163, p < 0.000).
Simultaneous evaluation of heterospecific and conspecific effects showed that
variation in seed predation patterns of A. butyracea and D. panamensis, was
mainly explained by heterospecific seed densities (D. panamensis: !249 = 66.79,
p < 0.001 and A. butyracea: !246 = 191.34, p =< 0.001; Figure 4.3 and 4.4, Gener-
alist – Heterospecific + conspecific). While for A. standleyanum, adding heterospe-
cific densities did not explain more variation in the predation pattern observed
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Figure 4.5. Seed predation by specialists and generalists for the studied species, across conspecific
and heterospecific seed densities based on the data, The greyscale ramp correspond to the proba-
bility of predation, starting from black (high probability) to white (low probability). Panels C and F
show overall seed predation per species as a function of seed density. Areas of seed predation only
by generalist or specialists, shared by both predators and where no predation occurs are identified.   
than conspecific seed densities alone (!247 = 1.98, p > 0.05; Figure 4.3, Generalist –
Heterospecific + conspecific). In the case of A. butyracea and A. standleyanum
specialist seed predation patterns, including heterospecific and conspecific densi-
ties, significantly increased the variation explained by the model (A. butyracea
!248 = –80.37, p =< 0.001 and A. standleyanum !247 = 112.38, p < 0.001;
Specialist – Conspecific + Heterospecific contrast in Figure 4.2 and 4.3).
In general, both heterospecific and conspecific densities had an effect on preda-
tion patterns of the tree species in this study. Nonetheless, these patterns differed
among species depending on predator type (i.e. specialist or generalist). In the case
of A. butyracea, at high densities of heterospecific seeds and medium to high densi-
ties of conspecific seeds, predation risk by both specialists and generalists are the
lowest (Figure 4.5C). In the case of A. standleyanum, heterospecific seed densities
of any of the plant species (A. butyracea and D. panamensis) did not increase seed
survival by either predator type, providing evidence that A. standleyanum seeds
were preferred by predators (Figure 4.5F).
Discussion
We have shown that it is necessary to focus on both the predator type and the
density of conspecific and heterospecific plant species when establishing the
density dependence effects on seed predation patterns, and consequently recruit-
ment and spatial distribution of plant species. Specifically, we found that for
A. standleyanum and D. panamensis, seed mortality via specialist predators was
determined by conspecific seed density.  As seed density was determined by adult
tree density, seed mortality by specialist predators also increased with conspecific
adult density in accordance with Janzen-Connell hypothesis. These patterns might
be related to resource availability and predators’ autoecology. For example,
D. panamensis fruits are consumed rapidly as they are produced during a season
of food scarcity (De Steven & Putz 1984). Also, the specialist predator’s seed prefer-
ences may be modified depending on if the fruit is intact (as is the case for A.
standleyanum, Jansen et al. 2010) or it has been handled (as is the case for A.
butyracea; Silvius & Fragoso 2002) when found by the predator. As many seeds are
predated after being moved/dispersed, the behaviour of the animals that handle
the fruit before consumption is a critical feature determining seed predation
patterns. This interaction between density dependence and seed manipulation
adds an extra layer of complexity to the processes controlling the recruitment and
spatial patterns of plant species.
Additionally, we found that heterospecific seed densities affected generalists’
seed predation patterns and the extent and direction of this effect was species-
specific. In the case of D. panamensis, the effect of heterospecific seed density was
more significant than conspecific seed density (i.e., apparent competition), while
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the opposite pattern was found in the case of A. standleyanum and A. butyracea,
thus demonstrating that seed predation patterns could be affected not only by the
density of the focal resource, but also the density of other resources eaten by the
generalists. This means that resource switching in predators, in combination with
resource density, has consequences for the processes that maintain diversity in
tropical forests, where shared enemies result in indirect interactions among tree
species (Barbosa et al. 2009, Lewis & Gripenberg 2008, Snyder & Chesson 2004). 
Even more, we found that heterospecific densities also affect seed predation by
specialists. This is possibly due to a modification in generalists’ feeding prefer-
ences, thus modifying the resources available to specialists, which in turn modifies
specialists' seed predation patterns. The modification in the generalists' feeding
preferences suggested differences in palatability of the plant species consumed.
For example, high densities of A. standleyanum reduced D. panamensis seed
predation by generalists, while high densities of A. butyracea had the opposite
effect. Therefore, seeds from A. standleyanum seem to be preferred, followed by
D. panamensis and A. butyracea. Thus, seeds highly preferred by generalist preda-
tors are consumed, and possibly dispersed (since these generalist predators also
disperse the seeds), rapidly, reducing the chance of predation by specialists.
However, when heterospecific seeds are at high densities in relation to a focal
species, seed predation of the preferred seed decreases (focal species), thus more
seeds of the preferred species remained available to predation by specialists (e.g. A.
standleyanum). High densities of preferred seeds also reduce seed predation of less
preferred seeds by generalists. Consequently the seeds that are not consumed or
dispersed remain available to specialist predators. However, in the case of A.
butyracea (were  generalist needs to handle the seeds so that a specialist can
consume it), high density of heterospecific seeds reduces the likelihood of fruit
handling. Therefore, with high heterospecific seed density, more fruits remain
intact, reducing seeds available for specialists to predate. 
We can conclude that, in a highly diverse and heterogeneous environment, such
as tropical forests, several factors work together to determine the distribution of
species. In the case of seed predators, it is necessary to look at factors that might
affect their behaviour such as predator population density (De Steven & Putz 1984,
Wright & Duber 2001), the spatial arrangement of resources (Caillaud et al. 2010,
Cortés-Avizanda et al. 2011) and predator feeding preferences (Wehncke et al.
2003, Gálvez & Jansen 2007). With specialist predators, the effect of seed preda-
tion patterns on seed survival is clearly observed on the population because there
is a unique resource; yet the possible effects of co-occurring generalist predators
on specialist predation patterns (due to dispersal or fruit handling should be
considered. In the case of generalist predators, the effect of conspecific and
heterospecific seed densities on seed predation will not only be determined the
seed density of one species, but several plant species, which is in accordance with
the outcome of studies in other systems (e.g., Barbosa et al. 2009, Baraza et al.
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2006, Moore et al. 2010). This might have a large effect on the spatial structure
and processes in the forest, especially since the spatial arrangement of resources
modifies the spatial structure and processes of predators and vice versa.  The
result is a complex and dynamic web of interactions that constantly modifies, yet
maintains, the structure of the tropical forest (Golubski & Abrams 2011, Olff et al.
2009).
Finally, according to the Janzen-Connell hypothesis, seed and seedling survival
is a function of conspecific adult tree density, due to the disproportionally high
density of specialist predators consuming seeds/seedlings near conspecific adult
trees. Empirical tests at small scales (greenhouse, individual-based experiments)
have supported the hypothesis (e.g., Auspurger 1984, Packer & Clay 2000); this was
also the case, for some of the species in this study when specialist-conspecific rela-
tions were evaluated. Nonetheless, this relationship was modified by the effect of
heterospecific species. This is evidence of the diversity of processes that maintain
species balance and that operate at different scales, especially since there is a high
and complex variation in terms of trophic interactions and resource arrangement
within communities (Schupp 1992, Kwit 2004).
In this study, we examined the effect of conspecific and heterospecific densities
on seed predation at a scale relevant for the community. Contrary to Janzen-
Connell expectations, we found that not only conspecific densities but also
heterospecific densities determined seed mortality patterns generated by both
generalists and specialists. We consider that this trade-off is the result of inter-
acting predator types, where generalists change resource available for specialists,
thus modifying seed mortality patterns. But the strength of this interaction
depends on generalist behaviour and heterospecific and conspecific resource densi-
ties. These results demonstrate that species-specific trophic interactions modify
seed mortality patterns in tropical forests. 
Acknowledgements
We thank Eduardo Medina, Helen Esser, and Eric Vasquez, for their help in the field and
Marco Visser for the collection of additional data. We would like to thank specially Joseph
Wright for his invaluable advice and support. The Smithsonian Tropical Research institute
and Marco Polo funds funded this study.
Chapter 4
80










Unraveling the components of
recruitment limitation in a tropical forest
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The inability of particular species to regenerate is a potential deter-
minant of the structure and dynamics of plant communities, which
frequently explains why local communities are a limited subset of the
regional species pool. This recruitment limitation have several
components: (i) embryos of a locally present species may not mature
into seeds successfully, (ii) the focal community may not receive
propagules from a species that occurs in nearby sites, and when they
do, (iii) the local biotic and abiotic conditions may not be suitable for
successful regeneration. The relative importance of these components
as determinants of community structure is rarely assessed, especially
in studies involving multiple species. Thus, we report results from a
large-scale combined observational and experimental study in the
tropical moist forest of Barro Colorado Island in Panama where we
attempted to measure the importance of the components of recruit-
ment limitation to explain the absence in the local communities of
three regionally common large-seeded tree species (Dipteryx pana-
mensis, Attalea butyracea, and Astrocaryum standleyanum). The
relative importance of source and dispersal limitations was assessed
by determining the relationships between seeds present in the soil
bank and species present in the local community and by seed addition
experiments. The importance of establishment limitation was
assessed by planting seeds of the species and following their survival
from seed predators, and their subsequent germination and seedling
establishment success. For all the study species, we found that estab-
lishment limitation through post-dispersal seed predation was more
important than dispersal limitation. Seeds tended to arrive at most
sites, but subsequent seed predation reduced the number of seeds
that survived to successful germination by 80%. The subsequent
establishment of germinated seeds was generally high in most sites,
although conspecific density-dependent mortality (Janzen–Connell-
type mechanisms) appeared to limit recruitment in some sites.  
Abstract
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La incapacidad de algunas especies para regenerarse es un determi-
nante potencial de la estructura y dinámica de las comunidades de
plantas, que frecuentemente explica por qué las comunidades locales
son un subconjunto limitado del pool de especies regional. Esta limi-
tación de reclutamiento tiene varios componentes: i) embriones de la
especie presente localmente que no maduan a semilla, ii) la comu-
nidad puede no recibir propágulos de una especie presente en las
cercanías, y cuando lo hace, iii) las condiciones bióticas y abióticas
locales pueden no ser apropiadas para el crecimiento de las plántulas.
La importancia relativa de estos tres componentes como determi-
nantes de la estructura de la comunidad raramente es evaluada, espe-
cialmente en estudios que involucren varias especies. Aquí repor-
tamos los resultados de un estudio observacional y experimental a
gran escala, en el bosque húmedo tropical de la Isla de Barro Colorado
(Panamá), donde intentamos medir la importancia que tienen los
componentes de la limitación por reclutamiento al explicarla ausencia
en la comunidad local de tres especies de árboles comunes regional-
mente. La importancia de la limitación por fuentes o dispersión fue
evaluada mediante la determinación de la relación entre semillas
presentes en el suelo y las especies presentes en la comunidad local, y
mediante experimentos de adición de semillas. La importancia de la
limitación de establecimiento fue evaluada plantando semillas de
diferentes especies y monitoreando su supervivencia, y su subse-
cuente germinación y establecimiento de plántulas. Para todas las
especies estudiadas, encontramos que la limitación por estableci-
miento a través de depredación post-dispersión fue más importante
que la limitación por dispersión. Las semillas alcanzaron la mayoría
de los lugares (probablemente a través de zoocoria), pero la subse-
cuente depredación reduce el número de semillas  sobreviviendo la
germinación exitosa en un 80%. El establecimiento de las semillas
germinadas a plántulas fue generalmente alto en la mayoría de
lugares a pesar de que en algunos sitios la mortalidad dependiente de
la densidad (mecanismos Janzen-Connell) aparecieron limitantes.
Resumen
Introduction
Tropical forests are highly diverse and complex ecosystems. Recent studies have
attempted to identify the key processes that cause and maintain their high tree
diversity. Some studies have explored how deterministic factors such as environ-
mental filters (e.g., geology, temperature, and topography) explain variation in the
species composition at multiple scales (Burton & Bazzaz 1991, Svenning 2001,
Bohlman et al. 2008, Jones et al. 2008, Quero et al. 2011), whereas other studies
have focused on how stochastic factors such as components of recruitment (e.g.,
seed dispersal) and asymmetric resource competition determine the community
structure (Hurtt & Pacala 1995, Wright et al. 2005). However, studies are needed
that quantify the magnitude of these different forces in structuring tropical forest
communities. If deterministic processes are more important, there should be a
clear match between species requirements and environmental conditions.
However, a strong role for stochastic processes may obscure this match. The
outcome of this discussion has important conservation consequences, such as the
need to protect specific, unique habitats versus the need to protect large areas that
would allow stochastic processes to maintain species.
The reasons why a particular species is regionally present but not present in a
local community can be separated into three main categories that form a nested
hierarchy (Diamond 1975, Zobel et al. 1996, van der Plas et al. 2012). The first
broad class of explanations is recruitment limitation, which is also known as
regeneration niche limitation (Grubb 1977). The failure of a particular tree species
that is present in the regional species pool to make the step in its life history from
ovaries and pollen or from vegetative propagules to the successful establishment
of a sapling that enters the “competitive arena” with other already established
species in a particular local community is an important possible explanation for
why a species is absent from a particular community. This recruitment limitation
can arise from biotic factors (insufficient animal dispersal vectors or pre- and post-
dispersal seed predation), unsuitable abiotic conditions (lack of dispersal by wind
or water and seedling desiccation), or a combination of these factors. After a
sapling has become established, it may lack the requisite physiological traits to
tolerate the prevailing abiotic conditions, such as water logging or high soil pH,
which means it fails to be established as an adult plant in the community. In other
words, it is limited by its fundamental niche (Hutchinson 1957). Finally, if a
species can potentially establish and grow at a site, it may be limited by biotic
interactions such as competition for resources with other plants, pathogens, or
herbivory, which is also designated as its realized niche limitation (Grace & Wetzel
1981). Thus, recruitment limitation, fundamental niche limitation, and realized
niche limitation can all explain the absence of a particular species from a partic-
ular community. Of these three types of limitations, recruitment limitation is
generally the least understood (Carson & Schnitzer 2008) compared with funda-
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mental niche limitation (see reviews in Mulkey et al. 1996, Lambers et al. 2008) or
realized niche limitation [see reviews of plant competition (Tilman 1982),
plant–herbivore interactions (Crawley 1986, Olff et al. 1999), and plant pathogens
(Dobson & Crawley 1994, Wardle 2002)]. 
The recruitment limitation of tropical forest trees can be subdivided into three
potentially limiting steps using the following terminology based on Schupp et al.
(2002). First, the ovaries of a plant may not successfully mature into seeds (source
limitation) because of selective abortion of embryos resulting from resource
scarcity, pollination limitation, or pre-dispersal seed predation (Clark et al. 1998,
Crawley 1997, Maron & Crone 2006, Jones & Comita 2010). Second, a local
community may not receive propagules from all species in the region (i.e.,
dispersal limitation), possibly because of the absence of suitable biotic (zoochorous
birds, mammals, or bats) or abiotic (wind or water) dispersal vectors (Dalling et al.
2002, Garcia et al. 2005, Forget 1993). Third, when viable seeds reach a site, the
local biotic and abiotic conditions may not be suitable for certain species to
successfully make the step from an arrived seed to an established sapling (i.e.,
establishment limitation), possibly because of post-dispersal seed predation
(Crawley 1997, Maron & Crone 2006, Jansen et al. 2010), resource competition
(Tilman 1997, Paine et al. 2008), herbivory (Muller-Landau et al. 2004; DeMattia et
al. 2004, 2006), or pathogens (Mangan et al. 2010, Hersh et al. 2012). 
These different recruitment limitation steps are being studied increasingly in
tropical forests. Some studies have focused on the roles of seed dispersal, predation,
competition, and herbivory in determining species recruitment (Paine & Beck 2007,
Terborgh et al. 1993, Augspurger & Kitajima 1992), whereas others have analyzed
how species-specific environmental requirements control tree establishment
(Ceccon et al. 2003, Huante et al. 1998). Furthermore, some studies have focused on
the role of density-dependent natural enemies in controlling recruitment, inspired
specifically by the Janzen–Connell hypothesis (i.e., disproportional offspring
mortality close to the parents; Janzen 1970, Connell 1978, Mangan et al. 2010). 
However, very few studies have simultaneously evaluated the relative impor-
tance of two or more of the main types of recruitment limitations in multiple
species, i.e., source limitation, dispersal limitation, and establishment limitation.
Only Norden et al. (2009) have examined the relative importance of dispersal and
establishment limitation using long-term seed-fall data and monitoring seedling
plots at a site located within the 82-ha Nouragues Biological station (French
Guiana). They showed that seed arrival and habitat conditions affected seedling
responses in 14 plant species, but there were also important interspecific differ-
ences. They also failed to explicitly include the density dependence of mortality
factors (Janzen–Connell effects), although their importance has been demonstrated
previously (Maron & Crone 2006). Thus, there is a need for studies that evaluate
the relative importance of multiple types of recruitment limitation for multiple
species of tropical forest trees.
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Thus, we studied the relative importance of seed limitation, dispersal limitation,
and establishment limitation simultaneously in three large-seeded tropical forest
canopy tree species (Dipteryx panamensis, Attalea butyracea, and Astrocaryum
standleyanum) on Barro Colorado Island (BCI), Panama. We did not study source
limitation separately. Instead, we inferred its importance on the basis of logical
deduction. Studies of seed trapping below trees on BCI suggest that seed produc-
tion is generally more limiting for tropical trees than seed dispersal (Wright et al.
2005, Muller-Landau et al. 2008; Jones & Comita 2010). We individually mapped
the island-wide distributions of the three focal species using a high-resolution geo-
referenced mosaic of aerial photographs. We used these distribution maps to deter-
mine the spatial variation in adult tree density in high detail as a proxy for the
potential number of seeds produced locally, and therefore for the degree of local
source and dispersal limitations. At 120 sites, we studied the abundance of seeds of
the focal tree species in the litter layer. If seeds were absent from the litter layer
but present in the local community, this was interpreted as a result of seed limita-
tion. If seeds were absent from the litter layer and the species was absent from the
local community, this was interpreted as a result of source limitation and/or
dispersal limitation. Establishment limitation was studied in seed addition field
experiments at the same 120 sites, where we measured seed predation rates, seed
germination, and seedling survival. This allowed us to estimate the relative impor-
tance of seed production + dispersal versus establishment limitation, including an
analysis of the effects of different environmental properties on establishment
(Figure 5.1). We also examined the importance of the initial adult distribution on
the actual sapling spatial distribution, which provided a direct test of the patterns
predicted by the Janzen–Connell hypothesis at a larger scale than has been studied
previously.
Methods
Study site and species
BCI, Panama (9°9’N, 79°51’W), is a 1560-ha tropical moist forest island. The island
was isolated from the surrounding mainland between 1910 and 1914 when the
Chagres River was dammed to form the central part of the Panama Canal (Leigh
1999). The island has a dry season that starts in December and ends in April or
early May. BCI lies at the midpoint of a gradient between the deciduous dry forests
of the Pacific Ocean shore, with an annual rainfall of 1800 mm, and the rain
forests of the Caribbean side, with an annual rainfall of 3000 mm (Leigh 1999). The
forest on the northeast half of BCI is secondary regrowth after widespread cutting
and clearing late in the nineteenth century. The other half of the island has
received little or no disturbance. The island was declared a reserve in 1923 and
has been administrated by the Smithsonian Institution since 1946. The island
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comprises two main geological formations that date from the Oligocene, known as
Bohio and Caimito, while the top of the island has a non-sedimentary lithology,
i.e., a flow of Andesite lava (Baillie et al. 2007).
We selected three species (Dipteryx, Attalea, and Astrocaryum), for which we
produced island-wide distribution maps (Garzon-Lopez et al. in press). These
species are among the most common species on BCI. The species distributions
were mapped across the entire island by digitizing the location of canopy-stature
individuals in geo-referenced high-resolution aerial photographs. The maps gener-
ated were validated against ground data from a 50-ha dynamics plot (Garzon-
Lopez et al. 2012). The fruits of these trees are important components of the diets
of many generalist mammals and key components in the life cycles of four
specialist beetle species (Smythe 1989, Forget 1994, Johnson et al. 1995). 
Dipteryx is an emergent tree that grows slowly to reach 40–50 m height with a
diameter of 1–1.6 m (Fournier 2003). This species produces approximately 5-cm
fruit (Caillaud et al. 2010), which mature between January and April. The fruit is
fleshy and has a single seed covered with a hard endocarp. It is dispersed initially
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Figure 5.1. Possible observations of early life stage survival in a plot/focal species combination and
the type of recruitment limitation that is potentially important for a species in a plot with such
conditions. * refers to the processes and limitations observed in the seed addition experiments.   
by frugivorous bats and secondarily by scatter-hoarding rodents (Forget &
Milleron 1991). Known seed predators include peccaries, squirrels, and great green
macaw (Flores 1992). 
The arborescent palm Attalea reaches 30 m height and 30–60 cm diameter. It
produces 1–3 infructescences each year between May and July (Forget 1994). The
seeds are dispersed by scatter-hoarding rodents and monkeys and predated by
rodents and peccaries. The fleshy fruit contains 1–2 seeds, which are protected by
a hard exocarp (Forget 1994). The specialized beetles Speciomerus giganteus and
Pachymerus cardo depend on the florescences and seed to complete their life cycle.
The larvae of these beetles drill holes in the exocarp so that they can develop
inside while feeding on the endosperm until their development is completed. The
larvae then drill an exit hole, which leaves a conspicuous exit mark on the exocarp
(Bradford & Smith 1977).
Astrocaryum is a slow-growing palm, which is characterized by long black
spines that cover the trunk. It reaches over 20 m height and 30 cm diameter
(Pedersen 1994). It produces 3–6 infructescences with 300–800 fruit per infructes-
cence, which mature between March and June when they are dispersed by scatter-
hoarding rodents, monkeys, and some birds (Smythe 1989). The fleshy fruit
contains a large seed, which is covered by a hard exocarp. The sweet pulp is eaten
by a wide variety of mammals (Smythe 1989) including scatter-hoarding rodents
that also disperse the seeds. Only a few mammals, such as peccaries (Tayassu sp.),
predate the seed by cracking open the endocarp. Beetles such as Pachymerus
bactris and Coccotrypes sp. depend on the seeds to complete their life cycle. The
larvae of these beetles drill a hole in the endocarp and feed on the endosperm until
their development is completed (Johnson et al. 1995).
Experimental design
For the three study species, we estimated the seed/seedling survival at various
stages (i.e., dispersal, predation, and germination) of recruitment in 62 sites that
varied with respect to the tree density of the focal species. Site selection was based
on a range of tree densities from zero to the maximum density found in a plot per
focal species. 
The tree density was selected as a proxy of seed production and as a measure-
ment of dispersal limitation (available seeds/seed sources). Initially, it was esti-
mated from distribution maps of the tree species, which were produced from high-
resolution aerial photographs (Garzon-Lopez et al. 2012). The high and low seed
production areas for each species were determined by placing a 1-ha grid over the
island and estimating the number of individuals per grid. Using this density map,
grids were selected within the 0–25% (low density) and 75–100% (high density) tree
density percentiles. A total of 20 sites (each site, 1 ha) were selected for each
density range, which resulted in 40 sites per species. Whenever possible, the same
site was used for various species (22 sites of two species and 15 sites of three
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species); therefore, 62 sites were surveyed across the entire island. At each site, we
measured the adult density (from the ground), seed density, seed predation rates,
seed germination, and seedling predation as follows. 
(1) ADULT DENSITY: The parent tree density was determined by ground surveys,
which recorded the GPS positions of all adults of the tree species studied. These
provided a measurement of the seed source density for each species evaluated.
(2) SEED DENSITY AND PREDATION: Endocarps were collected at 10 points, which
were selected randomly in each 1-ha plot. We placed a 1 m2 quadrat at each
surveyed point and searched for all of the endocarps in the soil up to a depth of 5
cm. To determine predation events, all of the endocarps were examined by
recording their predation status (i.e., predated or intact) and the type of predator
(i.e., bruchids, rodents, or scolyotids) on the basis of scars left on the endocarps
(Silvius 2002; Chapter 4). 
(3) SEED GERMINATION AND SEEDLING PREDATION: A seed addition experiment
was conducted at the centre of each site by establishing a 5 m2 germination plot
where each seed was protected with an iron mesh to prevent seed predation. We
buried 25 seeds in each of these plots. Germination and predation were recorded 2,
12, and 24 months after seed addition.
Data analysis
Using the data collected, we estimated seed arrival and survival (determined by
source and dispersal limitations) and seed germination and seedling establishment
(controlled by establishment limitation). We calculated the percentage of seeds at
each life stage (i.e., dispersed seeds, seeds escaping predation, seed germination,
and 1-year seedling establishment). Based on the results, we estimated the
percentage where each type of limitation (dispersal/source or establishment) deter-
mined the species distribution. The percentages of seed/seedling survival during
each life stage were compared using the nonparametric Wilcoxon signed-rank test.
We explored the effects of the density of parents and the predation rates at each
site on seed survival and further recruitment. To achieve this, we examined
whether the parent density was related to seed recruitment. We also evaluated
how the forest structure and dynamics (summarized as forest age in the analysis)
might affect density versus recruitment (Svenning et al. 2004). These analyses
were performed using a mixed model Poisson regression where seedling density
was the response variable, tree density and soil were the predictor variables, and
forest age was included as a random effect in the model (which affected the inter-
cept and slope). Second, on the basis of the actual number of seeds available for
recruitment at each site, we subtracted the seeds predated from the total number
of seeds found at each site to estimate dispersal limitation in terms of source limi-
tation. This factor was high and it varied among sites; therefore, we only evalu-
ated its effect on dispersal limitation at the scale of the entire island.
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Results
A total of 769 adults of the study species were censused in the field, and their
densities ranged between 0 and a maximum of 56 individual adult trees/ha for
Astrocaryum, 39 trees/ha for Attalea, and 8 trees/ha for Dipteryx. A total of 5790
endocarps of the three species were collected from all sites, and their densities
ranged from 0 to a maximum of 139 endocarps/ha for Astrocaryum, 196 endo-
carps/ha for Attalea, and 219 endocarps/ha for Dipteryx. Of the 25 seeds per
species per 5 m2 added to each site, 10% (SE = 2.1) of Astrocaryum, 28% (SE = 4.1)




























































Figure 5.2. Variation in seed density during each stage of establishment limitation (seeds that
escapes predation, emerged seedlings, and 1-year established seedlings) in all plots and specifically
in plots with high tree densities and those with low tree densities. The y-axis shows the percentage
of seeds from each species per stage. The whiskers corresponds to the 95% standard error around
the association estimates. The results of the Wilcoxon tests are also presented. Significant differ-
ences among life stages within species are marked with *, where * and ** are significantly different.
Source/dispersal limitation
In general, source limitation appeared to be high in all species, with low average
densities of trees per plot. The average tree densities per 1-ha plot were 3.2 for
Astrocaryum, 8.3 for Attalea, and 0.4 for Dipteryx.
Limitation via dispersal was low. In the 40 plots surveyed, 77% of the plots had
at least one Attalea seed, 96.6% of the plots had at least one Astrocaryum seed, and
82% had at least one Dipteryx seed (Table 5.1). However, the average number of
seeds, even in the plots with high adult tree densities (average number of trees:
Attalea = 15.4, Astrocaryum = 8.7, and Dipteryx = 1.6; Table 5.1), was 60–80
seeds per species, which was 10 times lower than the average production of a
single tree. 
Establishment limitation
Seed predation reduced the number of seeds available for further stages by 96.7%
(SE = 1.55) for Astrocaryum, 92.5% (SE = 2.31) for Attalea, and 97.7% (SE = 0.72)
for Dipteryx. Seed predation was only higher with high tree densities in case of
Dipteryx because 1.2% of seeds escaped predation at high tree densities, whereas
4.5% of seeds escaped predation at low tree densities (Table 5.1). Using the
nonparametric Wilcoxon test to compare the percentage of seed survival during
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Table 5.1. Dispersal limitation (seed source counts and seeds in the soil bank) and establishment
limitation (% seeds that escaped predation, germinated and established) for all plots, high density
plots, and low density plots per species.
Dispersal limitation Establishment limitation
Tree species Total number Total number % seeds % seeds % seedlings  
of seed sources of seeds  found escaped germinated 1- year
per 1-ha plot per 1-ha plot predation established
(adult trees)
All plots
Astrocaryum 3,2 (0,63) 26,9 (5,2) 3,9 (1,5) 10,5 (2,1) 8,5 (1,6)
Attalea 8,3 (2,1) 48,5 (11,3) 9,1 (2,3) 28,6 (4,1) 26,8 (3,9)
Dipteryx 0,4 (0,2) 41,6 (13,1) 2,1 (0,7) 34,7 (4,1) 0
Low tree density plots
Astrocaryum 1,86 (0,4) 18,2 (2,9) 4,4 (1,9) 11,5 (2,6) 8,9 (1,9)
Attalea 2,5 (0,6) 35,1 (15,3) 10,3 (3,7) 32,4 (4,8) 31,2 (4,8)
Dipteryx 0 24,1 (9,7) 1,2 (0,7) 36 (5,2) 0
High tree density plots
Astrocaryum 8,7 (0,9) 60 (17,8) 1,6 (1,0) 6,7 (2,8) 7,3 (2,8)
Attalea 15,4 (3,2) 64,9 (16,1) 7,6 (2,6) 24 (7,0) 21,3 (6,1)
Dipteryx 1,6 (0,4) 87,2 (34,4) 4,5 (1,6) 31,2 (6,6) 0
each stage of establishment limitation (post-dispersal predation, seed germination,
and 1-year seedling establishment) in all plots, we found that seed survival in the
post-dispersal seed predation stage was significantly lower than that in the other
two stages of establishment limitation for all species. The same pattern was
observed when we compared only plots with low tree density, whereas no signifi-
cant differences in seed survival were observed among stages for any of the
species with high tree densities. 
Discussion
In this study, we showed that despite the clustered distribution of seed sources
(adult trees) on BCI (Garzon-Lopez et al. 2012), low dispersal limitation allowed
the seeds of the species evaluated to reach locations far from the source trees and
they were present in most areas on BCI, although source limitation was high. Seed
predation (the evaluated component of establishment limitation) had a strong
effect on seed survival by reducing the amount of seeds available for germination.
In addition, seed germination appeared to be high during early seedling recruit-
ment; therefore, site suitability depended on soil properties and local conditions
(e.g., the adult tree densities and seedling predators). Janzen–Connell-type mecha-
nisms have the potential to turn the site from suitable (based on abiotic conditions)
to unsuitable, thereby making seed dispersal irrelevant for determining establish-
ment limitation. Overall, these results suggest the importance of the spatial
arrangement of adult trees for species recruitment. 
Of the various seed predators of Attalea, Astrocaryum, and Dipteryx, some act
as seed dispersers (e.g., mammals) moving the seeds great distances from the
parent trees (Galvez et al. 2009). In our study, the seeds of all species were present
in 80% of the sites but only 40% of the sites had adult trees of all species (85%
Astrocaryum, 40% Dipteryx, and 67% Attalea.). Thus, the spatial distribution of
seeds may have been controlled by dispersal (e.g., seeds were found in areas with
no adult trees), which could potentially be a critical factor that allows seeds to
reach areas with low adult densities. This agrees with previous studies, which
have shown the importance of seed dispersal for reaching available sites (Nathan
& Muller-Landau 2000, Clark et al. 2007) at fine scales. The large scale of our
survey indicated reduced dispersal limitation, which demonstrates the limited
importance of dispersal for determining the community composition of a site.
Seed predation is also believed to be an important filter for establishment limi-
tation (Turnbull et al. 2000). This was confirmed in our study because it was the
most important filter that determined the observed distribution of parents with
viable seeds (>80% of dispersed seeds were predated and failed to germinate). Seed
predation was an important cause of seed mortality; therefore, it may be a critical
limiting factor that shapes the spatial distribution and subsequent establishment
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rates for viable seeds. Seed predation is a spatial process that depends on the
spatial distribution of predators, which depends on the spatial arrangement of
their food, shelter, and predators (Brown 1999, Mayor et al. 2009). Therefore, seed
predation is a dynamic component that limits species recruitment and that might
only be surpassed in importance by dispersal, particularly in cases where seed
production is sufficiently high to match seed predation rates (Crawley 2000,
Orrock et al. 2006).
After the seed spatial distribution matrix is set (i.e., the sites that have seeds
and those that do not), the site conditions control the fate of the seed (germination,
remaining in the soil bank for secondary dispersal, or termination by predators/
pathogens). Only after overcoming the dispersal filter, does establishment limita-
tion become an important factor that shapes the spatial distribution of seedlings.
In our study, at least one seedling germinated at each site; therefore, establishment
limitation via seed germination was low. 
The pathogen and predator density is hypothesized to be higher close to the
parent trees (Janzen 1970, Connell 1978). This was observed in our study where
the tree density had a negative effect on germination. Specifically, sites were most
suitable for germination when the tree density was low and less suitable when the
tree density increased. This suggests a spatial tradeoff between survival and
germination rates where past suitable sites (high tree recruitment and high tree
density) become sites with high establishment limitations because of density-
dependent competition (high seed density), in addition to the presence/accumula-
tion of pathogens and predators (Augspurger 1984). However, unsuitable sites have
the potential to become suitable because of high seed mortality, which may occur
via a reduction in density-dependent competition. This could enhance the recruit-
ment opportunities of surviving species, even in high tree density conditions. In
Dipteryx, seedling predation was extreme and no seedlings were found alive six
months after the initial survey. This strong seedling predation pattern and high
seed germination were previously reported on BCI by De Steven & Putz (1984),
which were attributed to the abundant mammal populations on the island. A
general finding was that each species responded differently to the site conditions,
suggesting that species-specific requirements and density-dependent processes
have specific effects that depend on the autoecology of each species. 
Negative density dependency was previously shown to control recruitment by
studying the effect of seed density on further recruitment (Harms et al. 2000,
Wright et al. 2005). In our study, there was a correlation between tree density and
recruitment for two of the three species (Attalea and Astrocaryum), but the effects
of recruitment differed in strength at each site depending on the local conditions
(abiotic factors and predation rates). This suggests that there is a tradeoff between
abiotic and biotic conditions at the community level, which results in varying
species recruitment depending on the spatial and temporal context. This might be
an important control on species coexistence in the tropical forest. 
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The possibility of studying forest dynamics at a relevant community scale provides
a new perspective that aids the understanding of the forest structure and
dynamics by studying a single species in a measurable context at a larger scale
than ever before. Special attention should be paid to the effect of seed predation on
species recruitment because an imbalance in this factor caused by poaching and
changes in the food web (Wright & Duber 2001) might result in a damaging shift in
the species composition and biodiversity maintenance. 
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Stochastic and deterministic processes are considered to be the main drivers of the
spatial distributions of species in tropical forests (Purves & Pacala 2005, Hardy &
Sonke 2004); therefore, I examined if the distribution of plant species during two
life stages, i.e., adult trees and early recruitment, reflected these processes. I used
these data to evaluate the relative importance of stochastic and deterministic
processes in shaping the observed spatial distribution. 
My study provided four main findings that contribute to our understanding of
spatial species patterns in the context of species coexistence in tropical forests
from a community-scale perspective. First, the spatial scale had a critical effect on
habitat association studies, which could be examined using technologies such as
remote sensing and modeling to reduce the effects of spatial scale. Second, adult
trees were aggregated in clusters, which probably reflected the natural clumping
patterns that resulted from dispersal limitation (Chapter 3). They were also signifi-
cantly associated with historical and environmental variables (forest age and
topography, respectively). Thus, dispersal limitation and habitat differences need
to be studied simultaneously. If this is not the case, clusters that result from
dispersal limitation may be mistaken for different habitats, or the dominance of
species in particular habitats due to habitat preferences may be mistaken for
dispersal limitation. Third, seed predation, which is part of seed limitation,
depended on conspecific densities (based on Janzen–Connell hypothesis) as well as
on heterospecific species densities. Furthermore, seed predation is a critical filter
for species distribution because it reduces the number of seeds dispersed by
specialist and generalist predator behavior to approximately 20% (Chapter 4).
Fourth, seed and establishment limitations controlled the spatial distribution
during the early recruitment stages (Chapter 5). However, the relative importance
of these two components for dispersal limitation was dependent on the species,
their local densities, and the local conditions (forest structure, predation rates, and
site suitability). These findings suggest that the relative importance of stochastic
and deterministic processes for controlling species distributions depend on the
following: (1) the dynamic interplay of both processes, (2) the scale examined, and
(3) species-specific responses to site conditions.
Effects of spatial scale on habitat association studies
There is an increasing recognition of the effects of spatial scale in studies of
ecological patterns and processes because they are determined by spatial dynamics
that act at multiple scales (Hoosbeek & Bryant 1992, Dungan et al. 2002, Lin et al.
2011). These processes have been shown to depend on factors, such as the spatial
distribution of plants (Condit et al. 2000, Brown et al. 2011), seed dispersal,
predation, and recruitment (Schupp & Fuentes 1995, Nathan & Muller-Landau
2000, Beckman et al. 2012) as well as the behavior of animals, their interpretation




In some cases, the effects of scale has also been demonstrated previously
(Wheatley & Johnson 2009) as estimators of forest diversity and structure (species-
abundance distribution; Condit et al. 2000) and in conservation biology studies
(bioindicators; McMahon et al. 2012). Despite all this evidence, scale is still often
not included in ecological studies, which results in generalizations outside the
spatial context (Wiens 1989, Rahbek 2005).
In this study, we evaluated the effects of scale during observations of
plant–habitat associations, which have often been used in arguments that prove or
disprove the importance of deterministic vs. stochastic processes. In these studies,
the scale often varies and so do the environmental heterogeneity and species
densities, which results in varying outcomes. We found a profound effect of scale
(Chapter 3) on the presence of plant-habitat associations in four main areas: (1) the
organism studied, which had specific characteristics in terms of body size and
clumping patterns; (2) the system, which was defined by the environmental
heterogeneity and species composition; (3) biotic interactions, which were deter-
mined by pathogens, predator movement patterns, and resource utilization; (4) the
process, which we found had a continuous scale dependency that resulted in a
change in the associations with scale. Thus, the percentages and types of habitat
associations found at different scales were different but still correct, which
contradicted opposing results found at other scales instead of simply demon-
strating the complexity of processes controlled by the dynamic spatial structure of
the forest (Figure 6.1).
Thus, ecological studies must be designed within a previously evaluated spatial
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Figure 6.1. Conceptual framework of the four main areas influenced by spatial scale (rounded
squares) and each of its specific properties, which should be examined and incorporated when
designing ecological studies.   
collected in ground surveys that generate highly accurate data (Webb & Peart
2000; Lan et al. 2009; Lin et al. 2011; Hubbell, Condit, & Foster 2005) but require
intensive fieldwork and thus are only performed at small scales. However, in the
last decade, other less time-consuming techniques such as remote sensing have
been developed, which provide accessible environmental and ecological informa-
tion at small and large scales (Chapter 2), thereby supplying data at scales relevant
to organisms and processes (Mayer & Cameron, 2003). 
In this study, I applied a reliable, less costly, and replicable method to capture
and process digital images to identify and map adult tree species. The use of this
method in a multiscale ecological study provided useful information about the
specific properties of the organism, system, its biotic interactions, and the process
observed as well as the areas influenced by the selection of spatial scales, which
should be included in studies of plant–habitat associations (Figure 6.1). 
Spatial aggregation of species
Patterns of species aggregations influence and are influenced by the structure of a
forest and its ecological processes (Plotkin et al. 2002). These patterns alone can
provide data, which can be combined with other factors to aid the understanding
of mechanisms that lead to species coexistence (Plotkin et al. 2000). These data are
an initial critical step when looking at spatially structured ecological processes.
Chapter 3 shows how all the studied species were aggregated, although the aggre-
gation characteristics (e.g., clump size and density) varied with the species, scale,
and location examined. This has important implications in the study of spatial
patterns because it suggests that the selection of the study area in terms of the
location, size, and species studied is critical for the outcome and can lead to inac-
curate generalizations.
For example, I found that the adult species distributions were significantly
associated with specific environmental conditions, where the results depended on
the location and the scale of the area examined (Chapter 4). Voormisto et al. (2004)
found the same variation among sites at the same scale using palm species. This
analysis of the habitat associations of palms and the topography suggested signifi-
cant plant–habitat associations at each site, but these associations lost significance
due to site-specific characteristics when considering various sites (Voormisto et al.
2004).
Plant–habitat associations during the adult stages: Stochastic or
deterministic patterns?
The observation of plant–habitat associations has often been used in arguments to
prove or disprove the importance of deterministic processes. Each of these
processes is considered to control species distributions, and if they control species
coexistence, either process should be tractable during the adult stages. Chapter 3
shows that the studied species distributions were associated with the site proper-
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ties, although these associations were changed, in terms of significance and the
type of association (positive or negative), depending on the scale and locations of
the samples. Although the differences in findings generally indicated the impor-
tance of one process over the other (Svenning et al. 2009, Harms et al. 2001), our
findings suggested that the strengths of plant–habitat associations depended on
unchanging site conditions and the interplay among several site-specific circum-
stances combined with species-specific properties. Thus, the different percentages
and types of habitat associations found at one scale were still correct and did not
contradict opposing results found at another scale, instead of simply demon-
strating the complexity of the processes controlled by the dynamic spatial struc-
ture of the forest.
Transport: Seed limitation through dispersal and predation
Seed limitation is key to species survival, allowing species to “move” to a less
competitive/safer site and colonize new areas (Nathan & Muller-Landau 2000).
Seed limitation encompasses seed production, seed dispersal, and seed predation,
which together generate and shape the initial species distribution. In this study,
the effects of seed predation on the spatial distribution of plant species were suffi-
ciently strong to be tractable in the adult distribution at the entire island scale
(Chapter 3). Natural clumping had to be included in the analysis to ensure a more
realistic analysis of the species distribution as well as historical variables that had
significant effects on the spatial distributions of species. This is an interesting
outcome because historical variables (forest age) generate differences in the forest
structure and provide evidence of dispersal events and colonization (Svenning
2001).
In this study, dispersal allowed species to reach areas of low adult conspecific
densities, yet seed predation reduced the seed availability in 80% of the population.
During the early stages of recruitment, the forest age and tree density affected
seed dispersal, predation, and more importantly, the seed germination through
density-dependent effects (Chapter 5). Furthermore, density-dependence affected
the seed survival through conspecific densities ; there was also a clear effect of
heterospecific densities through generalist predator behavior (Chapter 4). These
findings indicate the importance of dispersal allowing seeds to reach sites far from
their parents, which highlights the striking effect of seed predation as a critical
and complex filter on the initial distribution of species. These processes are critical
for shaping spatial distributions of species, which are increasingly important in
conditions where the species densities and/or functional similarity increase and
the environmental heterogeneity decrease.
Settling: Seed survival and establishment
Site properties are hypothesized to impose a strong filter during species establish-
ment (Mangan et al. 2010). In Chapter 5, it was shown that establishment limita-
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tions (site properties) did not significantly affect the spatial distribution of species
recruitment because they did not significantly affect seed germination, unless the
effects of tree density and forest age were included. Even in these cases, the effects
varied among species (Chapter 5). This variation agreed with the variation found in
14 species in French Guiana where seeds (in seed traps) and establishment limita-
tions (in seedlings plots) were measured (Norden et al. 2009). It was demonstrated
that seed dispersal and site conditions helped to explain the distribution of species,
although there was high interspecific variation in the relative importance of each
type of limitation.
Consequently, species in my study appeared to have different requirements
depending on their life stages, as previously reported by Comita et al. (2007). This
suggests that species respond to deterministic processes. However, for these types
of processes to shape the spatial distribution of species, a site must have high envi-
ronmental heterogeneity and low conspecific densities to overcome the effects of
stochastic processes. 
Transport or settling: How do stochastic and deterministic processes
interact?
As mentioned earlier, stochastic and deterministic processes are proposed as the
main drivers of species distributions. In addition, there is a growing body of litera-
ture that highlights the importance of specific mechanisms within both processes
as drivers of the distribution and coexistence of species (Mari et al. 2008), such as
Janzen–Connell patterns (Janzen 1970, Connell 1978), resource competition
(Tilman 1980), and predator movement strategies (Mari et al. 2008), which include
spatially structured processes that can be summarized in previously stated areas:
(1) organism-specific characteristics and requirements; (2) interactions through
competition and predation; (3) the system and spatial context in terms of environ-
mental heterogeneity and species composition; and (4) patterns and processes in an
open system at a selected scale (Figure 6.1).
Based on the results of this study, particularly those reported in Chapters 4 and
5, I propose a set of stochastic and deterministic processes that interact to control
species recruitment, thereby determining the distributions of species, which
include the mechanisms mentioned earlier (Figure 6.2). The deterministic
processes include two variables: species-specific traits and site properties. First,
species-specific properties will limit variables such as clumping patterns, seed
production, and resource requirements, which interact with the site conditions to
promote recruitment. Second, site properties such as environmental heterogeneity
and species composition will impose a filter, which will promote competition
among individuals of the same species or species with similar requirements. 
The stochastic components include two variables: seed dispersal and predation.
Seed dispersal is a critical step in species recruitment because it limits the poten-
tial distribution of plants. In this study, we focused on seed arrival rather than the
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process of dispersal; thus, our estimates corresponded to the seed densities after
dispersal (Figure 6.2), which were generally correlated with the distribution of
adults. Predation, the second variable, is controlled by the characteristics of the
interacting organisms, i.e., predator–seed, and the condition under which this
interaction occurs (Nathan & Muller-Landau 2000, Mari et al. 2008, Beckman et al.
2012). The effects of specialist predators can be estimated based only on presence
of the focal species, whereas the effects of generalist predators will be modified by
the presence of the seeds of other species (Chapter 4), which highlights the impor-
tance of predator specificity and the species composition on recruitment. Although
species traits are critical for the spatial patterns observed, this did not occur
through a fixed set of requirements, as proposed by niche differentiation, instead it
was due to a set of circumstances (spatial context, dispersal events, and biotic
interactions) that strengthened either stochastic (Figure 6.2; high environmental
heterogeneity, predator specificity, and seed density) or deterministic (Figure 6.2;
low environmental heterogeneity, predator specificity, and high seed density)
effects.
In conclusion, the spatial distribution of species is not constant and determined
only by the environment. Instead, it is the result of dynamic combinations of
changes (in space and time): (i) environmental heterogeneity, (ii) species move-










































Figure 6.2. Conceptual framework of the four main factors controlling species distribution at early
stages. (1) Predator specificity, i.e., generalist–specialist; (2) seed density; (3) environmental hetero-
geneity; (4) species diversity. Environmental heterogeneity and species diversity modify the effects
of predator specificity and seed density on recruitment.    
composition and densities. Thus, the forces driving these spatial patterns depend
on combinations of factors while our ability to observe them depends on the scale. 
In addition, large-scale single species studies (>500 ha) are extremely rare; there-
fore, this study represents the first investigation to use this approach. 
Directions for future work
What are the effects of species loss on ecosystem functioning? What are the effects
of fragmentation on biodiversity maintenance? These are some questions research-
ers are asking, alarmed by the rapid decline in species diversity and ecosystem
connectivity. Thus, understanding the processes that facilitate diversity mainte-
nance and species coexistence is of critical importance. Currently, technology
provides us with a set of tools that allow us to observe ecosystems from multiple
perspectives, thereby allowing integrative analyses of the processes that facilitate
diversity maintenance and species coexistence.
Throughout this thesis, I have attempted to identify the processes controlling
species distributions from the perspective of spatial dimensions. First, I demon-
strated the utility of species mapping through high-resolution aerial images to
study ecological processes in the tropical forest. Second, I provided evidence for
the importance of including scale in ecological studies. Third, my large-scale
spatial analyses provided insights into the complexity of interactions, the criti-
cality of species characteristics, and the spatial context for species distributions
and coexistence. Future studies of this type should consider the spatial scale as
well as the characteristics of organisms and their interactions to provide an
informed and complete view of the complexity of the forest. 
Human activities such as colonization and hunting are known to have conse-
quences for species coexistence (Wright 2003, Beckman 2007). This study suggests
that particular species characteristics at the community scale should be carefully
considered as critical determinants of species distributions and diversity mainte-
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Tropical rain forests are characterized by a high number of species in low densities
with non-random spatial distributions. The mechanisms controlling species spatial
distribution are divided in two extremes deterministic (species specific adaptation
to specific conditions determines distribution) and stochastic (dispersal limitation
and stochastic demography determine distribution patterns). There are several
studies looking at these two extremes but the outcomes vary greatly due to the
lack of explicit consideration of a critical component: spatial scale, known to affect
the ability to observe patterns and processes. 
Previous studies aiming to unravel stochastic and deterministic processes in
tropical forests are contradictory, especially because they were not performed on
sufficiently large scales. They lead to potential underestimation of the importance
of deterministic/stochastic processes due to the spatial dependency of the processes.
Therefore, it is critical to assess stochastic and deterministic processes in order to
understand their importance on the tree species spatial distribution. In this thesis,
I examined if the distribution of plant species during two life stages, i.e., adult
trees and early recruitment, reflected these processes. 
To study the effects of environmental factors at a scale that includes the entire
plant community, I used remote sensing techniques combined with field experi-
ments in the tropical forest of Barro Colorado Island (Panama). First, I developed
and tested a method to map trees using high resolution photographs. Second, the
validated distribution maps of Astrocaryum standleyanum, Attalea butyracea,
Dipteryx panamensis, Oenocarpus mapora, Jacaranda copaia and Tabebuia
guayacan were used to examine the effect of environmental variables on the
spatial distribution of species and to evaluate the effect of scale on the outcome of
the analysis of plant-habitat associations. Third, to evaluate the effect of seed limi-
tation and establishment limitation, I performed a number of field experiments to
assess seed presence, predation, survival and germination.  I evaluated the effect
of conspecific and heterospecific seed densities on patterns of seed predation by
specialized and generalist predators. Finally, I linked seed limitation and establish-
ment limitation to estimate the relative importance of stochastic and deterministic
in determining species recruitment at the early stages.
The study provided three important findings: i) the spatial scale had a critical
effect on habitat association studies, adult trees were aggregated in clusters, which
probably reflected the natural clumping patterns that resulted from dispersal limita-
tion, ii) seed predation (part of seed limitation) depend not only on conspecific densi-
ties, as assume in the Janzen-Connell hypothesis, but also on heterospecific tree
densities which modifies the behaviour generalist predators, iii) seed and establish-
ment limitations controlled the spatial distribution during the early recruitment
stages. These findings suggest that the relative importance of stochastic and deter-
ministic processes to control species distribution depend on the scale of the study




Tropische regenwouden worden gekenmerkt door een hoog aantal soorten met lage
dichtheden en  een niet-willekeurige ruimtelijke verspreidingdeling. De mecha-
nismen die de ruimtelijke verspreidingdeling van de soorten bepalen zijn verdeeld
in twee uitersten: deterministisch (soortspecifieke aanpassing aan specifieke voor-
waarden bepaalt de distributie) en stochastisch (dispersielimitatie en stochastische
demografie bepalen distributiepatronen). Er zijn verschillende onderzoeken naar
deze twee uitersten, maar de resultaten verschillen sterk door het ontbreken van
expliciete afweging van een kritiek component: ruimtelijke schaal. Hiervan is
bekend dat het de observatie van patronen en processen kan beïnvloeden. Eerdere
studies gericht op het ontrafelen van stochastische en deterministische processen
in tropische bossen leverden tegenstrijdige uitkomsten op, vooral omdat ze niet
van voldoende grote schaal waren. Ze leiden tot mogelijke onderschatting van het
belang van deterministische of stochastische processen vanwege hun de ruimte-
lijke afhankelijkheid van de processen.
Om de invloed van stochastische en deterministische processen op de ruimte-
lijke verspreidingdeling van de boomsoorten te kunnen begrijpen is het essentieel
om deze processen te evalueren. In dit proefschrift heb ik onderzocht of de
verspreiding van plantensoorten in twee levensfasen, volwassen bomen en vroege
recruitment, deze processen weerspiegelt.
Om de effecten van omgevingsfactoren te kunnen bestuderen op een schaal die
de gehele plantengemeenschap omvat, heb ik , in de tropische bossen van Barro
Colorado Island (Panama) gebruik gemaakt van ‘remote sensing’-technieken,
gecombineerd met veldexperimenten. Eerst heb  ik een methode ontwikkeld en
getest om bomen in kaart te brengen met behulp van hoge resolutie luchtfoto's.
Vervolgens werden de gevalideerde verspreidingskaarten van Astrocaryum stand-
leyanum, Attalea butyracea, Dipteryx panamensis, Oenocarpus Mapora, Jaca-
randa copaia en Tabebuia guayacan gebruikt om het effect van de omgevingsvari-
abelen  op de ruimtelijke verspreiding van de soorten te onderzoeken.  Ook zijn de
kaarten gebruikt om het schaaleffect te evalueren op de resultaten van de plant-
habitat  associaties. Om het effect van zaad- en vestigingbeperking  te kunnen
evalueren deed ik een aantal veldexperimenten om zaadaanwezigheid, predatie,
overleving en kieming te beoordelen. Ik heb het effect van conspecifieke en hetero-
specifieke zaaddichtheid op patronen van zaadpredatie door gespecialiseerde en
generalistische roofvijanden geëvalueerd. Tot slot heb ik zaadbeperking en vesti-
gingbeperking gekoppeld om het relatieve belang van stochastische en deter-
ministische processen bij het bepalen van soort recruitment in de vroege stadia te
kunnen schatten.
Het onderzoek leverde drie belangrijke bevindingen op: i) de ruimtelijke schaal
had een bepalend effect op de leefomgeving associatieonderzoeken. Volwassen
bomen waren gegroepeerd, waarschijnlijk als gevolg van natuurlijke cluster-
patronen resulterend uit dispersielimitatie, ii) zaadpredatie (onderdeel van zaadbe-
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perking) hangt niet alleen af van conspecifieke dichtheden, zoals aangenomen in de
Janzen-Connell hypothese, maar ook van heterospecifieke boomdichtheid, omdat
dit het gedrag van generalistische roofvijanden beïnvloedt, iii) zaad- en vestiging-
beperkingen bepalen ruimtelijke verdeling in de vroege stadia van de recruitment.
Deze bevindingen suggereren dat het relatieve belang van stochastische en deter-
ministische processen die soortdistributie beïnvloeden afhangt van de omvang
schaal van het onderzoek en van ecologische factoren die continu veranderen in
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